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COMPUTER MODELLING OF PNEUMATIC POWDER INJECTION INTO LIQUID ALLOYS 
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Abstract  

Powder injection into liquid alloys is a widely known method of metallurgical processes improvement. There 

is a lot of researches in this field but still some aspects are not yet completely solved. One of them is powder 

injection with non-submerged lance which is more difficult to proceed than when the lance is submerged in 

liquid. Therefore the authors‘ work tries to explain some phenomena during the two-phase gas-powder jet 

penetration into liquid environment. This paper presents part of the results of powder injection computer 

modelling using ANSYS software. The simulations were prepared based on previously carried out laboratory 

experiments (presented during the last year Metal conference) as well as on others done recently. The 

results show the character of jet evacuating the powder injection lance and the validation of these numerical 

results with real experiments. 

Keywords: pneumatic powder injection, liquid alloy, injection lance, computer modelling, diphase jet 

1. INTRODUCTION  

Among many methods of metal alloys quality and properties improvement [1-5] the powder injection has a 

significant place. The method itself is well known and widely used both in foundries and metallurgical plants 

[6, 7]. The submerged in liquid alloy lance is mostly used but from some points of view the use of non-

submerged lance is sometimes better what was described in [8]. The authors have been interested in the 

case of powder injection without lance submersion since many years [9, 10] and some experiments results 

were presented during previous Metal conferences [7]. Authors started two years ago a new research project 

to explain better the character of diphase gas-powder jet using a high-speed camera to capture its features 

for further image analysis. The results are mentioned in [11]. In this paper the preliminary results of the 

computer modeling of the same jet were presented.  

2. EXPERIMENTAL METHODOLOGY AND RESULTS 

2.1  Research stand and methodology 

The experimental plan was divided into two main stages: model laboratory experiments with powder 

injection, high speed camera recording and image analysis then computer modeling and validation of the 

results with the first, laboratory stage. The experimental set-up and the methodology of the particular test 

(single powder injection) was thoroughly described in [11, 12]. The Fig. 1 (next page) presents the several 

snapshots from the image analysis software for the particles motion captured with camera. Then the analysis 

of motion parameters (particle velocity, acceleration and displacement) was carried out with the software and 

the graphs of mentioned variables were obtained (examples presented in [11, 12]). 

mailto:jan.jezierski@polsl.pl
mailto:zbigniew.bulinski@polsl.pl
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Fig. 1 The snapshots of two-phase air-polystyrene powder jet for p1 = 0.2 MPa (carrier gas pressure) and 

various p4, from left to right p4 = 0.02, 0.04, 0.06, 0.8, 0.1 MPa (pressure inside the feeder) 

 

The geometry of the research stand, pneumatic parameters of the injection installation adjusted during 

experiments, powdered particles features as well as variables calculated after tests gave a data set for 

ANSYS CFD software. However, the first modelling gave insufficient results, completely different from 

laboratory results, one of the reason could have been the wrong carrier gas velocity estimation. So, the 

experiments with laser knife [13] were carried out. The alumina powder was dispersed in the air and blown 

out through the injection lance. The Fig. 2 presents the snapshots from this laser-based experiment.  

   

Fig. 2 The snapshots of two-phase air-alumina dust jet for various (increasing from left to right) gas pressure 

and various pressure inside the feeder seen in laser knife beam 

 

After the numerical model was adjusted and validated the proper modelling experiments were carried out 

and their results were presented in the next chapter. 
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2.2  Numerical modelling of particles transport in the injection system 

The modelling was carried out for all experimental conditions (15 injection experiments in total) but in the 

paper the only two typical results were shortly presented. 

2.2.1. Geometry and mesh 

As the cylindrical tank and the injection pipe in the experiment (see Fig. 3) are placed coaxially, hence, there 

exists a symmetry axis in the system. The axisymmetric geometrical model (pseudo three dimensional) was 

built for the purpose of numerical simulation (Fig. 3a) in the ANSYS Design Modeller software. Simplicity of 

the model allows us to create high quality structural mesh (Fig. 3b). The mesh was created with use of 

ANSYS Meshing software and it contains 56500 quadrilateral elements. 

 

Fig. 3 Geometry (a) and numerical mesh (b) of the analysed problem 

2.2.2. Mathematical description 

Mathematical model describing two-phase flow of air and suspended inert polypropylene particles contains 

equations reflecting fundamental conservation laws of physics, namely: mass and momentum conservation. 

Moreover the flow was considered as an unsteady, turbulent, incompressible and isothermal. Hence, 

following equations were solved [14, 15]: 

 Continuity equation for the gas phase: 

0 u              (1) 

 Navier-Stokes equation for the gas phase: 

   uuτuguu
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 Momentum balance equation for particles: 
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in the above equations  stands for fluid density, u is the fluid velocity vector, p is the fluid pressure, g refers 

for the gravitational acceleration vector, t is the turbulent stress tensor in the fluid phase and up is the 

particle velocity vector and p stands for the particle density. The last term in equation (2) refers to the 

momentum exchange between gas and solid phase. It is assumed that it is proportional to the velocity 

difference between phases. Where the friction factor fD is computed as follows: 

24

Re18
2

D

pp

D

C

d
f






          (4) 

In above equation  stands for the fluid viscosity coefficient, dp is the particle diameter, CD refers to the drag 

coefficient and Re is the relative particle Reynolds number: 



 uu p 


ppd
Re

          (5) 

The particle drag coefficient depends on particle shape, the particle surface and the flow itself, in the 

presented work the relation for smooth, spherical particles proposed by Morsi and Alexander was employed: 
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where a1, a2, a3 are model constants [16]. 

The turbulent stress tensor t in equation (2) is a result of the Reynolds averaging of the Navier-Stokes 

equation. Basically, elements of this tensor accounts for extra stresses in the fluid due to fluctuations of the 

velocity field. Components of this tensor are not known, hence they need modelling. In the presented work 

Realizable  model was used to calculate elements of the turbulent stress tensor [17]. In this model two 

extra partial differential equations need to be solved for turbulent kinetic energy  and turbulence dissipation 

rate : 
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where t  is the turbulent viscosity coefficient,   and   are the turbulent Prandtl numbers for  and , 
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 is the model constant equal to 1.9, 1C
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2.2.3. Results of modelling 

Calculations were carried out for two cases with different inlet (into tank) air velocity and particles mass 

fraction, namely: a) inlet air velocity 28.64 m/s, particle mass fraction 6.657 (particles/gas mass ratio), and b) 

inlet air velocity 28.64 m/s, particle mass fraction 4.457. Those parameters reflected exactly the experiment 

conditions. Comparison of the air velocity fields for both analysed cases is presented in Fig. 4. It can be 
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seen, that even though the inlet air velocity is slightly lower in the first analysed case it has considerably 

bigger influence on the velocity field in the tank than in the second case. Most likely it is caused by the higher 

particle loading in the first case. Therefore the momentum of the jet in the first case is definitely higher, 

causing more intense movements of air in the tank. The positions and velocities of particles after 0.2 

seconds from the injection beginning are presented in Fig. 5. 

 

Fig. 4 Air velocity distribution after 0.2 seconds from the injection start: (a) - inlet air velocity 28.64m/s, (b) - 

inlet air velocity 32.17m/s 

 

Fig. 5 Particle velocity and position after 0.2 seconds from the injection start: (a) - inlet air velocity 28.64m/s, 

(b) - inlet air velocity 32.17m/s 

3. CONCLUSIONS 

The high speed camera experiments and computer modelling results were presented in the paper for 

pneumatic powder injection into liquid alloys. The purpose of these stages of larger experimental plan was 
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developing and adjusting the numerical model of the process. The modelling results shown in Fig. 4 and 5 

are very similar to real gas and particles velocities recorded during high speed camera image capturing and 

analysis and presented during Metal 2012 and ICMSE 2012 Conferences [11, 12]. It shows that the model 

(finally chosen after thorough analysis of several available turbulent models) was properly adjusted so the 

next stage can be modelling of pneumatic powder injection into liquid cast iron along with the real „hot“ 

injection experiments. 
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STEELMAKING AND CONTINUOUS CASTING PROCESS METALLURGY FACTORS 

INFLUENCING HOT DUCTILITY BEHAVIOR OF NIOBIUM BEARING STEELS 

Steven G. JANSTO 

CBMM - Reference Metals Company, Bridgeville, PA, USA, jansto@referencemetals.com 

Abstract 

Over 200 million tons of Nb-bearing steels were continuously cast and hot rolled globally in 2012. These Nb-

bearing plate, bar and sheet products are manufactured throughout the world. Numerous publications 

discuss the traditional ductility trough for carbon steels with and without microalloy additions of Nb, V and/or 

Ti. The steelmaking and process metallurgy parameters under actual mill conditions are rarely correlated to 

the hot ductility behavior. The hot ductility troughs associated with simple carbon-manganese steels can also 

result in surface and internal quality issues if certain steelmaking and casting parameters are not followed. 

Although higher carbon equivalent steels generally exhibit inherently lower hot ductility behavior, as 

measured by percent reduction in area at elevated temperature, these steels still exhibit sufficient ductility to 

satisfactorily meet the unbending stress and strain gradients existing in the straightening section of most 

casters. The relationship between the steelmaking and caster operation and the resultant slab quality is 

related through the hot ductility behavior. This global Nb-bearing continuous casting steel research study 

concludes that the incidence of slab cracking during casting is related more to the steelmaking and caster 

process parameters. These parameters include the superheat variation, transfer ladle temperature 

stratification, mould flux incompatibility, casting speed fluctuation, elemental residual chemistry level and 

excessive secondary cooling. This paper defines these operational root causes supported by physical 

metallurgy hot ductility data from industrial samples.  

Keywords: continuous casting, hot ductility, melting, niobium, process metallurgy, strain rate 

1. INTRODUCTION 

Continuous casting surface defects and internal defects impart a direct impact on the overall steel production 

operating costs, internal and external cost of quality and delivery performance. Some Nb, V and Ti high 

carbon equivalent, high strength microalloyed steel grades may be prone to continuous casting surface and 

crack defects depending upon specific metallurgical factors and given set of operational conditions at the 

steelmaking furnace, ladle metallurgy station and caster. In other situations, both internal and external 

surface quality is excellent for the same high carbon equivalent, high strength microalloyed steel grade. This 

study integrates both the process metallurgy and physical metallurgy to better understand the reasons for 

crack initiation in Nb-bearing grades and more importantly, the conditions and combination of parameters in 

action, when Nb-bearing steel billets, blooms and slabs are produced crack-free. There is a lack of published 

literature and research performed-to-date that directly connect the steelmaking-caster industrial operations 

with the resultant surface quality, hot ductility behavior and steelmaking/continuous casting conditions to cast 

crack-free microalloy-bearing steel products. Many researchers conclude that the root cause is simply the 

hot ductility trough for a given composition, yet not even incorporating or considering the effects of process 

parameters such as tap temperature, superheat, casting speed, oscillation frequency, soft reduction, mould 

flux and primary/secondary cooling in their research work. [1,2] 

The inter-relationships of these process metallurgy parameters with the kinetic and thermodynamic 

conditions and resultant effect on the hot ductility behavior of various steel grades is rarely reported or 

published. Although more complex and difficult, it is necessary to thoroughly understand these inter-
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relationships and effect on the quality of industrially produced slabs. The intent of this research is to study 

and report such inter-relationships. For example, the interaction and possible synergistic effects of the 

various micro-precipitates may favorably affect the hot ductility behavior of the cast steel strand through the 

straightening or unbending section of the caster. The quality of the steelmaking process has a direct 

influence on the caster performance and internal and external quality of the slab. For example, the depth of 

the equiaxed chill zone and sub-surface strain field through the transition zone affects the propensity for 

cracking and the inter- or trans-granular fracture mechanisms. Fig. 1 schematically represents these 

interrelationships. 

 

 

 

Fig. 1 Schematic Physical/Process Metallurgy Representation 

2. DISCUSSION 

2.1. Steelmaking Considerations 

Different process metallurgy control strategies are required for the production of high quality microalloyed 

steels with low residual elemental levels since the kinetics and thermodynamics for the removal of these 

detrimental residuals are different and can sometimes conflict with their intended purpose. Although 

steelmaking furnaces, secondary steelmaking facilities and continuous casters are often considered 

similar around the world, there are inherent differences in caster design and operational practices. Similar 

equipment processing the identical microalloyed steel grade can experience varying degrees of slab, billet 

and bloom surface quality. Tapping and tundish temperatures and  temperature variability, casting speeds, 

mould flux, primary and secondary cooling, mould oscillation frequency and stroke and negative strip times 

are different for the same chemistry grades at different mills, even within the same steel company. Each 

operation should thoroughly understand their unique process metallurgy variables that have a direct 

influence on surface and internal quality and hot ductility behavior. Only then, can practices be developed 

accordingly to suit their microalloyed steel grade family of compositions, residual levels and customer 

requirements.  

The inherent differences between Basic Oxygen Furnace (BOF) and Electric Arc Furnace (EAF) operation 

that contribute to poor external surface and internal quality are well documented and for the most part 

understood, with exceptions such as transverse cracking cause and effect. Several fundamental process 

metallurgy, chemistry and raw material considerations are often overlooked when evaluating root causes for 
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poor surface quality. Four high priority root causes which influence hot ductility behavior in steelmaking 

operations involve: 1) nitrogen levels and variations, 2) residual levels such as antimony, copper, lead and 

tin, etc. in the scrap, 3) tapping temperature instability and resultant superheat variation and 4) excessive 

secondary cooling. [3] 

Fig. 2 shows the relationship between increasing nitrogen levels and increasing the crack susceptibility 

index for aluminum killed steels, particularly in continuous cast slabs for automotive, pipeline and value-

added structural applications. Low nitrogen levels can be attained by using low nitrogen raw materials 

and through the incorporation of operational practices that minimize nitrogen pickup during the 

steelmaking process and subsequent processing, such as secondary ladle refining, steel transfer and 

casting from the tundish to the mould. 

 

Fig. 2 Effect of nitrogen on cracking index - aluminum killed steel [4] 

It is preferred, of course, to operate the BOF below 50 ppm N, thereby resulting in a consistent very low 

transverse crack index of 0.2. However, many BOF operations fall within the 50 to 65 ppm band which falls 

on the steep section of the curve (0.2 to 0.6 transverse crack index dependent on N). Considerable variation 

in surface quality results on a day-to-day basis and hence, very unpredictable quality performance. From an 

operational and cost perspective, it is most effective to function on the horizontal zone of the quality vs. 

process control parametric function curve. 

2.2. Minimization of Nitrogen Effect  

After tapping into the secondary ladle metallurgy operation, the following practices may affect nitrogen levels 

and hence, hot ductility behavior at the caster: 

 Stirring practices must be consistent and vigorous stirring in the ladle furnace must always be avoided. 

The greater part of N pickup occurs from the exposure of the liquid steel surface to the atmosphere 

following break-up of the top slag layer to the atmosphere. 

 An argon shroud system can be used instead of nitrogen. A cost benefit analysis shows that the 

improvement in surface quality and reduction in defects within the cast product more than justifies the 

higher cost argon gas. 

 Avoid teeming ladle temperature stratification due to short argon stir treatment times, extended 

treatment times with intermittent stir cycles and long time periods between ladle transfer stations. 
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2.3. Superheat Considerations 

A direct correlation exists between the absolute value of the superheat and the variability of the superheat 

differential during the continuous casting process. These variations become especially important during the 

continuous casting of microalloyed steels and directly influence the hot ductility behavior. Casting operations 

must develop superheat temperature practices for low, medium and high carbon equivalent steels (with 

superheat not exceeding a maximum 20 °C to 25 °C (depending on C-content and strain rate). Also, control 

of the temperature during casting through minimal superheat temperature variation between ± 2 to 4 °C 

during the continuous casting process improves surface quality and hot ductility behavior. 

2.4. Primary and Secondary Cooling Considerations at Caster 

The primary and secondary cooling should be balanced at the minimum flow rates to safely operate 

and still maintain that the optimal equiaxed chill zone throughout the solidification shell over the entire 

length of the continuous cast strand. Optimization of the chill zone improves the hot ductility behavior of the 

slab as it moves through the unbending operation. These process metallurgy variables become even 

more critical as unbending temperatures decrease below the optimum 850-900 °C range. Successful 

crack-free unbending is experienced as low as 750 °C when controlling the superheat, nitrogen, carbon 

content, sulfur levels and primary/secondary cooling flow rates. Corner cracks may be eliminated through 

the practice of not applying water to the corner sections of the slab. [5] 

3. RESULTS 

3.1. Hot Ductility at Temperature 

Hot ductility tensile tests are being performed on industrial samples procured from steel mills throughout the 

world including mills from China, Brazil, North America and Europe. Hot tensile test specimens were heated 

to the soaking temperature of 1300 °C, held for 5 minutes and cooled to the desired test temperature per the 

cooling rate schedule of 60 °C/minute to the given test temperatures of 700 °C, 800 °C, 850 °C, and 900 °C. 

Fig. 3 illustrates the heating/cooling schedule for the 800 °C test temperature. 

 

Fig. 3 Heating and cooling schedule example for 800C test at two strain rates 

The sample family includes microalloyed (Nb, V and/or Ti) low carbon grades, peritectic grades and medium 

carbon grades. The selected range of steel chemistries represents grades some steel producers have 

observed occasional surface related defects and transverse cracking. Several of the industrial samples 

provided for this research include steelmaking and caster machine operational and design parameters. The 

hot ductility strain rates employed on these industrial samples obtained directly off the caster are intended to 
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simulate the actual strains encountered through the straightening section of the industrial casters. Industrial 

caster strain rates are typically 0.001/sec to 0.0001/sec through the straightening section of the caster. 

Figs. 4 and 5 present the percent reduction in area (% RA) versus hot ductility test temperature for a Nb 

bearing peritectic grade and a Nb-bearing low carbon (0.07 % C) LCLA grade. 

 

         Fig. 4 Nb-containing peritectic carbon hot ductility     Fig. 5 Nb-containing low carbon low alloy hot 

                                                                                                                                ductility 

The improvement in the hot ductility behavior, measured as % reduction in area, is nearly double between 

the peritectic and the LCLA grades (i.e. 21 % versus 45 % at 800 °C). The mechanical hot ductility behavior 

is more related to the carbon content than the presence of Nb in the solidification microstructure. The 

fundamental characteristics of this hot ductility behavior at higher carbon peritectic content necessitate 

tighter process control of both the absolute superheat and the superheat variation during casting 

independent of the microalloy composition. Figs. 6 and 7 compare the hot ductility behavior of higher Nb 

concentrations (0.05 and 0.10 % Nb) at low carbon levels (0.07 % and 0.04 % C). 

 

                  Fig. 6  Low carbon medium Nb hot ductility             Fig. 7  Low carbon high Nb hot ductility 

For all four steels, the minimum % RA occurs at approximately 800 °C. These hot ductility values are based 

upon laboratory hot ductility tensile tests. The importance of the presentation of this hot ductility data from 

industrial samples is that none of these slabs exhibited transverse or corner cracks. An analysis of the 

superheat control suggests the root cause for this excellent surface quality is temperature control. This body 
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of work has established that a % RA as low as 20 % results in the production of crack-free slabs. Published 

literature reported a minimum 40 % RA is required to ensure crack-free casting of microalloyed steels. [2, 6]  

This published % RA data is nearly double the required % RA as measured by the hot ductility tensile test 

and overstates the ductility issues involved with the castability of Nb-microalloyed steels. 

3.2. Superheat and casting speed effect on hot ductility behavior 

Figs. 4-7 show that with increasing strain rate, which means increased casting speed for a specific caster, 

the hot ductility behavior improves (i.e. higher % RA at temperature) for all Nb chemistries tested. There is 

also a relationship between increased casting speed and reduced superheat variation. Table 1 below 

presents a summary of the process metallurgy, recommended superheat control and casting speed based 

on this study. 

Table 1 Hot ductility, superheat and casting speed relationship 

 Strain Rate Min %RA at 800°C Superheat °C- Control* Casting Speed 

LCLA- Low Nb 0.001 60 20-25 OK 

 0.0001 45 20-25 OK 

     

Peritectic-Low Nb 0.001 32 17-23 Increase 

 0.0001 20 17-23 Increase 

     

LCLA-Medium Nb 0.001 50 20-25 OK 

 0.0001 32 20-25 Increase 

     

Very Low C-High 

Nb 

0.001 31 20-25 OK 

 0.0001 20 15-20 OK 

The methodology suggests that superheat control per Table 1 should be the first priority for improved 

surface and sub-surface quality. With proper superheat control, the opportunity to increase casting speed by 

5 to 10 % offers immense opportunities to further improve the solidified equiaxed chill zone depth, hot 

ductility behavior at higher strain rates and improved steel slab mechanical property integrity as well as 

productivity. 

4. CONCLUSIONS 

Global experience has demonstrated quality reliability through the production of over 200 million tonnes 

of high quality Nb-bearing steels. The control of the nitrogen, carbon, sulfur and residual chemistry 

levels, superheat variations and water cooling influence the hot ductility behavior. This study has 

established hot ductility characterization curves for industrial produced steel samples from continuous cast 

slabs (i.e. not laboratory heats). These Nb-bearing carbon grades, from 0.04 % to 0.16 % C, exhibited no 

transverse or corner cracks. The minimum % RA versus temperature relationship has been defined to achieve 

crack-free slabs. Through the operational process metallurgy control of the two primary drivers, superheat 

control and secondary cooling, the % RA required for crack-free casting is decreased to as low as 20 %. 

The total superheat should be controlled to less than 15 °C to 25 °C dependent upon the strain rate, 

carbon and nitrogen levels for microalloyed steel heats with a process metallurgy aim of ±2 to 4 °C 

temperature variation throughout the casting of the heat. Such superheat control is well established and within 

current operational melt shop and continuous caster practice capability. 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

42 

LITERATURE 

[1] NAGASAKI, C. AIZAWA, and A; KIHARA, J. “Influence of Manganese and Sulfur on Hot Ductility of Carbon 

Steels at High  Strain Rate,” ISIJ Transactions, vol.27, 1987, pp. 506-512. 

[2] MINTZ, B. “The Influence of Composition on the Hot Ductility of Steels and to the Problem of Transverse 

Cracking,” ISIJ International, vol. 39, no. 9, 1999, pp. 833-855. 

[3] JANSTO, S. G. “Continuous Casting of Niobium-Bearing Steels Produced via the Basic Oxygen Furnace or 

Electric Arc Furnace Steelmaking Route,” European Continuous Casting  Conference, METEC 2011, Dusseldorf, 

Germany, June 27 - July 1, 2011. 

[4] CHATTERJEE, A. and OJHA, C. C., “Production of Quality Steels at Tata Steel,” Asia Steel, 1997, pp. 98-102. 

[5] TSAI, H. T., YIN, H., LOWRY, M. and MORALES, S., “Analysis of Corner Cracks on Slabs and 

Countermeasures,” AISTech Proceedings, vol.2, 2005, pp. 201 -208.  

[6] MINTZ, B. and CROWTHER, D. N., “Hot Ductility of Steels and Its Relationship to the Problem of Transverse 

Cracking In Continuous Casting,”  International Materials Review, vol. 55, no. 3, 2010, pp. 168 - 196.  



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

43 

THE DEVELOPMENT OF HOLLOW INGOT CASTING TECHNOLOGY AT VÍTKOVICE HEAVY 

MACHINERY A.S. 

Pavel MACHOVČÁKa, Aleš OPLERa, Zdeněk CARBOLa, Martin KORBÁŠa, Marek KOVÁČb, 

Vladimír KRUTIŠb 

aVÍTKOVICE HEAVY MACHINERY a.s., Ostrava, Czech Republic, EU, pavel.machovcak@vitkovice.cz 
bMECAS ESI s.r.o., Brno, Czech Republic, EU, marek.kovac@mecasesi.cz 

Abstract   

Development of hollow ingot casting technology began in VÍTKOVICE HEAVY MACHINERY a.s. based on 

the growing demands for production of large hollow forgings, i.e. in particular shells, or hollow rings and 

pulleys. The use of hollow ingot as a semi-finished product for the production of forgings mentioned above 

brings not only economic efficiency but also achieves better quality parameters in the final forgings. Forging 

properties are more homogeneous in all directions and the scale of the macro-segregation is significantly 

lower than in case using conventional ingots. Forgings can then be used for the most demanding 

requirements, including applications for nuclear power because of their greater safety and durability. 

Numerical simulations of casting and solidification were used during the development of hollow ingot casting 

technology. The final variant of casting system, which has been verified in practice, was chosen just based 

on these simulations. This paper describes experience with the introduction of hollow ingot casting 

technology and evaluation of the first tests of hollow ingots. 

Keywords: hollow ingot, ingot casting, macro-segregation, numerical simulation, test experiment 

1. INTRODUCTION 

Despite the ever-increasing volume of steel 

continuous casting, production of steel 

ingots for forgings and machine components 

is irreplaceable. Steel casting into the ingots 

allows even for the production of oversized 

components weighing up to several hundred 

tons. The main precondition of the 

competitiveness of any steel plant is 

production of consistently high quality. 

Among all forged parts, the rings or the 

shells for press vessel is traditionally made 

by removing the center part of the 

conventional ingots. It is well known that this 

work in not efficient process to make the 

rings or shells. Therefore, it is expected to 

save the processing cost and energy, 

improve the product yield to make the 

forged rings and shells when the hollow 

ingot with a hollow center is used. However, 

the main reason for the development of this 

new type of ingot was significant reduction 

Fig. 1 The conventional cylindrical forging route 

compared to that of the hollow ingot [1] 
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of “A” segregation in the ingot and consequently in final forging. This is especially important for forgings for 

the most demanding requirements. These include forgings for nuclear power and petrochemical industry, i.e. 

shells for steam generators, pressurizers and reactor vessels. The use of hollow ingots as a semi-finished 

product for cylindrical forgings brings the following additional benefits. In summary: hollow ingots takes less 

time to raise to forging temperature, by virtue of their smaller effective cross section; they require fewer 

forging operations, because the upsetting and punching steps become redundant. This is shown 

schematically in Fig. 1. It is stated that it is possible to achieve following savings by using of hollow ingot 

instead classic, conventional forging ingot for forging large shells: 

 Forging yield: up to 35 % reduction of weight 

 Manufacturing time: up to 3 times less forging sequences when considering large shells issued form 

heavy ingots requiring efficient blooming to consolidate properties 

 Environmental and energy costs: significant cut in CO2 gas emission (up to 50 %) due to the 

shortening of the forging program and the reduction in weight 

 

The development of hollow ingot casting technology was launched for the first time probably at Sheffield 

Forgemasters International Ltd. in the United Kingdom already in the 50th 20th century. Subsequently, the 

development of hollow ingot and its production started in AREVA Creusot Forge in France, in Kawasaki 

Steel Corporation in Japan and in POSCO in Republic of Korea. [1,2,3] VÍTKOVICE HEAVY MACHINERY 

a.s. (further also VHM) began development of hollow ingot casting technology based on the increasing 

demand for the production of hollow forgings, not only the above mentioned forging for nuclear power but 

also for other hollow forgings for different customers.  

2. NUMERICAL SIMULATIONS - TOOL FOR IMPROVEMENT OF PRODUCTION OF INGOTS 

The optimum design of the hollow 

ingot mold, number of inlets, and 

material and shape of core is 

necessary to produce hollow ingot in 

the required quality. Work on 

numerical simulations started after 

the literary analysis of available 

information on the production of 

hollow ingots. Ingot weighing 57 tons 

was chosen for the first trial. 

Numerical simulations were 

performed by MECAS ESI s.r.o. Their 

casting software ProCAST was used 

for these numerical simulations.  

The core of hollow ingot casting 

system should be continuously and 

uniformly cooled because this core is 

always in contact with the molten 

steel directly all around its periphery. 

Heat transfer must be uniform both 

from the outside, it is from the mold, 

as well as from inside, it is from the 

Fig. 2 Fraction solid during solidification of hollow ingot 

weighing 57 ton at 10 000 seconds 
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core. Only under these conditions will be metallurgical center of the hollow ingot in the middle of the wall 

thickness the ingot. A number of potential core materials with different shapes and a number of potential 

cooling media were tested in these simulations. Sand, hematite and low carbon manganese steel were 

tested as a material for core of hollow ingot. Two main types of core were designed. The first type was solid 

core that has a hole in the center and the cooling medium is able to flow through the hole in the center of the 

core. The second type is two steel pipes with the gap. This gap between two pipes is an expansion gap and 

is necessary during shrinkage of inner diameter of ingot during its solidification. Different bevel of the core 

was also considered. Air, nitrogen and water were considered as a cooling medium at different intensities in 

these numerical simulations. The course of casting and solidification of hollow ingot were investigated during 

numerical simulations, porosity prediction and macro-segregation decomposition was also determined. 

Simulation of contact pressure on the core was performed due to find out whether the core will be able to 

remove after solidification of hollow ingot. Numerical simulations have also shown that the core must be very 

well treated before casting because it must be able to resist high temperature. The core temperature reaches 

almost 1 000 °C during solidification of hollow ingot, although it is actively cooled. The course of solidification 

of 57 tons hollow ingot at 10 000 seconds is shown in Fig. 2. This figure shows that course of solidification is 

uniform and metallurgical center is in the middle of the hollow ingot wall.  

The number of inlets is one of the important factors to uniformly fill the molten steel in the mold. In the case 

of conventional ingot, the molten steel is filled through an inlet located in the middle of bottom part of mold. 

However, the location of inlet or inlets should be changed from the middle to any other position because of 

the core located at the center of the mold. To find the optimum number of inlets, numerical simulations by 

using various numbers of inlets from 2 to 4 were performed. Based on the results of these simulations, the 

molten metal is stably filled for 2 inlets design, while in case of 3 and 4 inlets design, filling of mold with liquid 

steel was not stable. This different behavior is due to the filling rate depending on the number of inlets.  

Numerical simulation with emphasis on the distribution of selected important elements macro-segregation 

after solidification was also carried out. Boundary conditions of this simulation were set according to real 

casting conditions of experimentally cast ingot in VHM. Real chemical composition of used heat, casting 

temperature and casting speed, mold temperature and real temperature around the casting system were 

used for this numerical simulation. On Fig. 3 are shown the distribution of carbon (left picture) and 

manganese (right picture) on cross section of 57-ton hollow ingot. It´s always a half of hollow ingot, i.e. left 

side represents the core of the hollow ingot, right side is mold wall. These results were compared with real 

distribution of selected chemical elements. 

Works on the design of larger hollow ingots (more than 100 tons) were initiated after verification of the 

production of 57-ton hollow ingot and its evaluation. These ingots are already prepared for specific order for 

nuclear power. Delivery of several shells from steel grade 10Gn2MFA weighing 70 - 113 tons is required. For 

this reason, casting systems for hollow ingots weighing 118 - 140 tons were proposed. From previous 

experience with forging of 57-ton hollow ingot raised the demand for the same wall thickness along the 

height of the hollow ingot. Therefore, the core shape was modified. The new core bevel is approximately the 

same as the bevel of mold. Also in this case, different core shapes and different ways of cooling the core 

were tested during numerical simulations, so that prevent to its melting and to enable remove the core after 

solidification of the hollow ingot. 
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Fig. 3 Macro-segregation of carbon (left) and manganese (right) over the cross section of hollow ingot - steel 

grade S355J2G3 (ladle analysis: C 0.21 %; Mn 1.29 %) 

3. HOLLOW INGOT CASTING EXPERIMENT 

Based on the results of numerical simulation the best variant was chosen for experimental casting of 57-ton 

hollow ingot. Generally is recommended height-diameter ratio H/D close to 1.0 and also in the case of our 

experiment we kept this recommendation. This type of molds is enough wide that it is possible insert the core 

inside. Steel grade S355J2G3 was chosen for first experimental castings of hollow ingot due to reduce the 

cost of these experiments. Standard steel production technology at EAF, LF and VD was used for these trial 

heats. Very important is casting speed. This parameter is set up especially with regard to forced heat transfer 

through core. In general, the hollow ingot casting speed is lower than in case of conventional ingots. There is 

a risk of formation of crack on the inside diameter of the ingot at higher casting speed. Two 57-ton 

experimental hollow ingots were cast at steel plant VHM a.s. In Fig. 4 is shown hollow ingot after striping at 

steel plant. First experimental ingot was forged into forging with three different diameters, see Fig. 5. It was 

done in order to investigate the influence of the forging ratio on the properties of forged shell. Three forging 

ratios were used: 2, 3 and 4. Ultrasonic examination was done on this forging according to SEP 1921, level 

E/e. Only one indication was found. It was on the place of original surface crack on the internal diameter. 

Results of the ultrasonic examination confirmed the literature data that it is possible to reduce the forging 

ratio to only two when hollow ingot is used. After careful evaluation of the first experimental ingot was cast 

second hollow ingot of the same type.  Casting speed and casting temperature were decreased during 

casting of the second experimental hollow ingot to reduce the risk of cracking. These two major changes of 

technological parameters led to successful production of hollow ingot without any defects. This ingot was 

forged into shell with outer diameter of 1 570 mm and internal diameter of 930 mm. Wall thickness was the 

same along entire high in this case and was 320 mm. Total length of this forging was 4 000 mm. 
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Fig. 4 A 57-ton hollow ingot after stripping at steel plant VÍTKOVICE HEAVY MACHINERY a.s. 

 

 

Fig. 5 Drawing of the forging from the first trial hollow ingot 

4. RESULTS AND DISCUSSIONS  

The material S355J2G3 was used for both experimental hollow ingot. Targeted production chemical 

composition and cast analysis of both trial heats is shown in Table 1. Evaluation was carried out on samples 
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from forgings. Fig. 5 shows locations of sampling from first experiment. Evaluation of macrostructure, 

chemical composition on cross section, determination of the content of non-metallic inclusions were 

performed as well as determination of mechanical properties such as tensile test, Charpy impact test at 

different temperatures, Brinell test in three mutually perpendicular directions. This would give us information 

about isotropy of the properties of material.  

Table 1 Ladle analysis of experimental heats 

  C Mn Si P S Cu Ni Cr Mo Al 

min. 0.19 1.20 0.20             0.020 

max. 0.22 1.35 0.30 0.012 0.005 0.30 0.30 0.30 0.08 0.040 

Heat 1 0.21 1.24 0.25 0.005 0.004 0.13 0.23 0.17 0.07 0.032 

Heat 2 0.21 1.29 0.27 0.008 0.002 0.13 0.13 0.08 0.04 0.030 

 

Macrostructure of all samples was similar, uniform without significant structural anomalies. Also inclusion 

content was very low. Chemical analyses were carried out over the cross section of samples, so we get 

information about the distribution of the segregation through wall thickness after forging. Content of carbon, 

manganese, phosphorus and sulfur was analyzed. Performed analysis shows that the samples from the 

bottom of the hollow ingot did not show segregation. Elevated concentrations of individual elements were 

detected only in the top part of ingot. However, the extent of the segregation was much less than it can be 

expected in case of conventional ingot of this weight. Plot of transverse carbon and phosphorus segregation 

are shown on Fig. 6a, 6b. These areas of segregation were predicted using numerical simulation. Chemical 

analysis of these elements shows that metallurgical center of hollow ingot is not directly in the middle of ingot 

wall but it is shifted closer to the core. This is caused by lower heat transfer through the core. 

     

Fig. 6 Plot of transverse carbon and phosphorus segregation pattern 

Further, tensile test in three mutually perpendicular directions at a temperature 20 °C and impact-strength 

test at 20 °C, 0 °C, -20 °C, -40 °C and -60 °C were performed. These tests showed isotropic properties of 

evaluated material. 

CONCLUSION 

The hollow ingot production route is capable of producing material with excellent segregation characteristics. 

Design of casting system for new ingot type was performed based on the results of numerical simulations. 
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The technology of hollow ingot casting was successfully verified in practice. Hollow ingot weighing 57 tons 

was cast at steel plant VÍTKOVICE HEAVY MACHIENRY a.s. Predicted area of segregation were confirmed 

during subsequent analyzes. Significantly lower extent of segregation and better homogeneity of the 

properties was demonstrated during the investigation. Furthermore, 120 tons hollow ingot casting system 

was designed based on the experience with development and production of the first type of hollow ingot.  
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Abstract  

Nowadays, continuous casting (CC) is used for providing almost one hundred percent of steel world 

production. The control of quality in CC products cannot be achieved without the knowledge of heat transfer 

and solidification of cast slabs. The solidifying slab passing through the caster is subjected to variable 

thermal conditions and mechanical stresses which can cause many serious defects in final structure of slabs. 

These defects might be eliminated by the optimal control of casting process. This paper describes an 

algorithm used to obtain time dependant casting parameters for stabilization of the casting process where 

high productivity is preserved.  The presented algorithm can be used in two regimes. The first regime (off-

line) can be used to find the control parameters such the casting speed and cooling intensities in the 

secondary cooling zone in order to get slab surface and core temperatures in specific ranges. The second 

regime allows the on-line regulation, stabilization of CC process and an immediate reaction to non-standard 

casting conditions such as a casting speed variation, or a breakdown of nozzle or cooling circuit in the 

secondary cooling. The algorithm is created as coupling between our original three-dimensional numerical 

model of temperature field and the regulation algorithm based on the fuzzy logic approach. The simulations 

indicate a good regulation efficiency and applicability for the real casting process. 

Keywords: Fuzzy optimization, temperature field, continuous casting, secondary cooling 

1. INTRODUCTION 

Continuous casting technology is the primary method of world steel production. History of CC has more than 

60 years [1]. Through the years the product quality, production efficiency, operating safety and casting of 

special steels and alloys been increased. The current steel industry is mainly focused on customization, the 

steel quality, productivity demands, environmental conditions, and so on. Strategic planning plays an 

important role because CC generally presents the bottleneck in the steel production chain. The steelmakers 

have to make a compromise between the final product quality and highest casting speed. The strand 

temperatures fundamentally affect the steel quality while the casting speed directly affects the productivity of 

casting process [2]. Nowadays the optimization and on-line control of the casting process have become 

commonplace. Lack of optimal control can cause many defects such as cracking or bulging [1].  

Optimization of casting process is frequently created by two models. The first one is the numerical model of 

temperature field which provides information such as slab temperature distribution through the caster, value 

of metallurgical length and forming of solid shell. The second one is optimization model which processes the 

results from the numerical model and adapts the casting parameters (casting speed, cooling intensities, etc.) 

in order to get the temperature distribution ensures good quality of steel. These optimization models in 

literature are based on heuristic approaches such as genetic algorithm [3], particle swarm optimization, ant 

colony, firefly algorithm [4] or by neural networks [5]. Some of these models also deal with uncertainty [6]. 

Unfortunately the numerical models in these works were often very simply and also there often missing the 

information about the computational time or the number of numerical model evaluation, thus their application 

on the real casting process is often unsuitable. Hence the applicability and integration of these models to the 

on-line regulation system is sporadic.  

file:///C:/Users/konference/AppData/AppData/AppData/Local/Temp/mauder@fme.vutbr.cz
file:///C:/Users/konference/AppData/AppData/AppData/Local/Temp/stetina@fme.vutbr.cz
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The CC regulation can be classified into the real-time control systems with delay [7]. The delay in this 

problem is characterized as the time which is needed for the temperature stabilization after some casting 

change (jump change of casting speed, modification of cooling intensities, etc.). This delay is indirect 

proportion to the casting speed.  

This paper presents an original regulation algorithm based on the fuzzy logic approach which can be used in 

off-line and on-line versions [8]. The off-line version of fuzzy regulator is linked to the off-line numerical 

model of temperature field. The off-line regulator was design to find an optimal casting speed and cooling 

intensity in secondary cooling in order to obtain the temperature profiles in prescribed ranges and to 

maximize the productivity for arbitrary grade of steel. The on-line regulation allows the stabilization of CC 

process and an immediate reaction on non-standard casting conditions such as a casting speed variation, or 

a breakdown of nozzle or cooling circuit in the secondary cooling during the casting. This fuzzy algorithm is 

coupled with on-line numerical model of temperature field. The block diagram of off-line and on-line models 

can be seen in Fig. 1. 

Fig. 1 Block scheme of off-line and on-line regulation models 

2. PROBLEM DESCRIPTION 

Natural effort of every steelmaker is to cast as fast as possible but with the preservation of the required 

material quality. The properties of the final material are highly dependent on the course of temperatures 

reached during the casting, and therefore we need to adjust the caster parameters in such a way that the 

temperature field is optimal. We can control the process by regulating the speed of casting and cooling 

intensities for each coolant circuit (a group of nozzles). The optimal temperatures are prescribed by experts 

and they differ for different chemical compositions of the cast steel. Necessary condition of the correct 

setting is that the material has to be solidified before it leaves from the caster; this property is so-called the 

metallurgical length - the length of liquid material from the meniscus.  

Optimal control of CC process can be divided into two steps. In the first step, the off-line fuzzy regulator is 

used to find the optimal cooling intensities and the highest possible casting speed dependent on the slab 

cross-section and the grade of steel. Experts have to define the temperatures in the points at the end of each 

coolant circuit in order to get good quality of cast steel. The algorithm randomly generates values for all the 

variable parameters and simulates the temperature field for such casting process. After comparing the 

obtained temperatures with the prescribed ones, it decides which nozzles need to be adjusted and how to 

change the casting speed. This process is iteratively repeated until the optimal temperatures are 

successfully reached. The second step is provided by on-line regulator which directly takes the temperature 

from actual casting and stabilizes the casting process by tuning the casting parameters. This paper mainly 

focuses on the on-line simulations and system delays in critical situations. 
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3. NUMERICAL MODEL OF TEMPERATURE FIELD  

The mathematical formulation for obtaining the temperature distribution and the solid shell profile prediction 

is based on the governing equation of transient heat conduction also called the Fourier-Kirchhoff equation. 

For three-dimensional heat transfer it can be expressed as [1, 9]              

 eff

H H
v k T T

z

 
           (1) 

where keff [W/mK] is the effective thermal conductivity; T [K] is the temperature; H [J/m3]  is the volume 

enthalpy;  [s] is the time and v [m/s] is the casting speed. Transient heat conduction equation (1) can be 

solved only with initial and boundary conditions. The initial condition can be used as a pouring temperature in 

the whole computing domain. The boundary condition can be found in literature [9, 10].    

In this study, we propose the non-uniform Cartesian and cylindrical grids as the spatial domain discretization 

and the finite difference method for the numerical solution of governing equation (1). The literature [11] 

summarizes the advantages and the drawbacks of implicit and explicit schemes in solidification problems 

according to following properties: efficiency, robustness, adjustable, accuracy, simplicity of implementation, 

and scalability. There is shown that the performance of the implicit method is not better than that of the 

explicit method in the category of phase-change problems. The numerical model is discretized by the stable 

explicit scheme according to the Saul’yev asymmetric scheme [11] with the alternating direction explicit 

method (ADE) [12].  

The shape of domain is given by the real caster operated in the EVRAZ VÍTKOVICE STEEL, a.s. 

Thermophysical parameters such as the thermal conductivity, the density, the specific heat capacity, the 

enthalpy and their temperature dependences are computed from the specific chemical composition of steel 

using the solidification analysis package IDS. The presented numerical model was verified by real 

temperature measurements acquired by pyrometers for sufficient range of steel grades and casting 

conditions [4, 8].  

4. DESCRIPTION OF ON-LINE FUZZY ALGORITHM 

In the beginning of CC process the on-line regulator gets initial data such as an optimal cooling intensities 

and the optimal value of casting speed from the off-line regulator. The on-line regulator keeps the 

temperatures in the controlled points (end of each coolant circuit) between prescribed values with it a 

correction of cooling intensities. In the same time the algorithm verifies the metallurgical length and adjusts 

the casting speed. The regulator obtains information about the temperatures and the value of metallurgical 

length from the on-line numerical model of temperature field. This information is transferred between the 

numerical model and the regulator every time period corresponding to the system delay (value of casting 

speed). The proper setting of time period (delay) is crucial otherwise the situation like undercooling of slab 

surface, reheating of slab surface, exceeding of maximal allowed metallurgical length can occur. When the 

time period is long, there is a slow reaction on process variation or critical situation. Whereas when the time 

period is short, the cooling intensities are changing rapidly which causes the oscillation and  

non-homogeneous cooling.     

When the critical situation occurs (breakdown of cooling circuit, etc.), regulator gets alarm information on 

which temperatures in controlled points are out of optimal range, adjusts the cooling intensities around the 

affected place and adjusts the casting speed. There must be emphasized that the first delay is between the 

breakdown and alarm information and the second delay is between cooling changes and the temperature 

stabilization. More information and explanation of fuzzy logic and fuzzy inference can be found in the 

reference [13] and more about the off-line fuzzy regulator can be found in [8]. 
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5. RESULTS OF SIMULATION 

The results are presented for the radial slab caster operating in EVRAZ VÍTKOVICE STEEL, a.s. The caster 

contains 13 coolant circuits and the cross-section of the investigated slab is 1550 x 250 mm. The casting 

speed is typically set between 0.75 and 0.85 m/min (came up from the practice). The regulation delay was 

set after many simulations on the value 120 s. This means that the fuzzy regulator every two minutes 

recalculates the casting parameters.  

The temperatures ranges are set in way that approximately the first half of caster is curved, and therefore for 

decreasing of mechanical stresses it is better to keep the temperature above the certain level (depending on 

the steel grade). The controlled points are placed on the top and bottom surfaces, and the end of each 

coolant circuit. The expertly defined temperature ranges in the controlled points are depicted in Fig. 2 - 5 

(the blue and purple boxplots). The presented grade of steel in this paper is S355J0H but the regulator was 

tested on the large scales of steel grades through all cast carbon scales.  

The metallurgical length is constrained between 15 and 20 m from the meniscus (came up from the practice) 

and the casting temperature is set to 1550 °C. The presented simulation presents 4000 s of casting while 

after 2000 s the cooling circuits 8 (on the top surface) was breakdown. The first test runs were provided with 

no regulation (simulation 1), therefore the casting parameters remain constant. The second test runs  

the on-line regulator was used (simulation 2). The results are summarized in Table 1.  

 

 

  

Fig. 2 Start of the simulation Fig. 3 500 s after breakdown of cooling circuit 8 

  

Fig. 4 End of the simulation without regulation Fig. 5 End of the simulation with fuzzy regulation 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

54 

Table 1 Casting parameters with and without fuzzy regulation 

Casting parameters Without regulation With fuzzy regulation 

Metallurgical length time = 0 s 19.79 19.79 

Metallurgical length time = 4000 s 20.24 19.75 

Casting speed time = 0 s 0.87 0.87 

Casting speed time = 4000 s 0.87 0.79 

Total temperature error °C 109.37 82.12 

The Figs. 2 - 5 show the strand temperature evolution during the simulation time. In Fig. 3 is obvious 

reheating on the top surface 500 s after the cooling circuit breakdown. The metallurgical length is been 

increased. Fig. 4 shows the situations 1, when no reaction is performed 2000 s after the breakdown. The 

metallurgical length crosses the maximal limit 20 m and temperature deviation reach 109.37 °C. Fig. 5 

shows the situation 2 where the fuzzy regulator reacts on the breakdown. The metallurgical length is kept 

below 20 m and the temperature deviation is reduced on 82.12 °C. The shell thickness in the simulation 2 

has better shape, see Figs. 4 - 5 (light blue curve is closer to black curve). The casting parameters 

evaluated in time can be seen in Figs. 6 - 9. Fig. 7 clearly shows the reaction of casting speed on increasing 

metallurgical length. Fig. 9 declares that the fuzzy regulator affects the cooling intensity in the secondary 

cooling during the casting.  

  
Fig. 6 Monitoring of casting parameters without 

regulation 

Fig. 7 Monitoring of casting parameters with fuzzy 

regulation 

  
Fig. 8 Set of cooling intensities for 13 cooling circuits   

without regulation 

Fig. 9 Set of cooling intensities  for 13 cooling 

circuits with fuzzy regulation 
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6. CONCLUSION 

The problem of the on-line optimal control of CC process and to find the optimal parameters can be solved 

by presented algorithm. This algorithm is based on heuristic optimization and the fuzzy logic interface. The 

regulator processes data from the numerical model of temperature field and iteratively improves the casting 

parameters. The behaviour of presented regulator is very robust and it is easily adaptable to any grade of 

steel and caster geometry. As a weak point we see a proper setting of fuzzy sets and their distribution, the 

determination of system delay and the chosen compromise between the numerical model accuracy and the 

computer efficiency in real time simulations. These problems can be solved by repeated simulations on 

different casting conditions and by statistical analysis of real casting data samples. Further work will be 

focused on study on the application design and integration possibilities into real steel company system. 
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Abstract  

The work presents an attempt to determine the relationship between the refinement of the cast steel primary 

structure which is a result of modifying and the parameter of ultrasonic wave propagation in the material. 

Finding such a relationship would allow to estimate the grain size of the primary structure of selected 

fragments of cast steel castings with non-destructive methods. What in the long term can lead to the 

development of methods for estimating the value of the mechanical properties by measuring the velocity of 

ultrasonic wave propagation in the casting. 

This paper presents the results of ultrasonic wave velocity measurements in samples taken from low-alloy 

structural cast steel. Cast steel was modified using different modifiers to obtain diversity refinement of the 

primary structure. The degree of refinement of the structure was compared with the ultrasonic wave velocity 

measurements and the results have been analyzed and discussed. 

Keywords: Cast steel, modification, primary structure, ultrasonic wave propagation 

1. INTRODUCTION 

The process of crystallization is a crucial step of cast forming. Primary 

structure, which is being created during that time, decides on its 

properties.  The process of crystallization consists of two steps: 

nucleation and growth of grains.  

In practice, there are observed three kinds of crystal in cast after 

solidification for nearly all metals and casting alloys (Fig. 1): 

 frozen, occurring beside the mould surface, 

 prism growing into liquid from the foundry skin created just after 

pouring the liquid metal into the mould, 

 equiaxed occurring inside the body of the cast.  

Different kinds of crystals at different sizes, which influence mechanical and practical properties of the alloy 

after solidification, form during the crystallization. Dendritic structure is the most disadvantageous one. 

Unfortunately, it is the most common form of crystals in casts. Too big dendrites influence unbeneficially the 

properties of crystal such as resistance, impact strength, embrittlement, workability and other. Refinement of 

structure is very important for cast user. Therefore, it is necessary to have an effect on crystallization process 

in order to modify primary structure of the cast. Modification is the most efficient way to have an effect on the 

crystallization process. The most effective method of refinement of structure is just modification in spite of the 

fact that modification process has not been explained unequivocally yet. The addition of special modifiers to 

liquid metal to change the nucleation process and/or growth of structure’s grain is considered as 

modification. It is worth emphasizing that this kind of changes are not caused by the chemical constitution 

modification, but are the result of direct change of crystallization conditions [1].  

Fig. 1 The zones of crystal in a 

casting [1] 
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If it is assumed that the properties of alloy are first of all the function of primary structure, it seems proper to 

forecast them by examination of homogeneity and refinement of structure in as - cast condition. The method 

using no destructive technique which does not require the break of continuity of cast structure and minimize 

labour consumption and time of examination seems to be the perfect one. Therefore, ultrasonic examination 

is worthy of consideration.    

The basic phenomenon connected with ultrasonic researches is wave motion of particles in solid body. 

Mechanical wave is formed as a result of unbalancing of the particle of springy medium. This kind of particles 

becomes the source of mechanical wave. Source vibrations are communicated to neighbour particles thanks 

to springy properties of medium and form mechanical wave [2].    

The more distance covered by the wave, the less amplitude in bodies which are not perfectly springy. This 

phenomena is called as wave suppression and is caused by scattering and absorption of waves. Scattering 

is the main cause of wave suppression in non - homogeneous materials with crystal structure such as 

technical alloy of metals. It is composed of reflection and refraction of waves in the places of grain 

boundaries, inclusions, educing and inner defects such as porosity, micro - cracks and micro - shrinkage. 

The more anisotropy of medium where waves propagate, the more scattering. Depending on glancing angle 

and medium properties one can met with reflection, penetration, refraction, transformation, scattering and 

diffraction during wave transition across the boundaries of mediums - it means the surface separating 

mediums with different acoustic wave resistance and speed of wave propagation.  

The boundary of mediums is not only a plane of head applying, free walls of examined elements, a plane of 

connection in layer cast, discontinuity edges inside the examined object but grain boundaries, grain - non - 

metallic inclusion boundary and grain - release boundary as well. There are a lot of factors influencing the 

direction of wave propagation and amplitude reduction during wave transition through each of the 

boundaries.  

Therefore, it is reasonable to assume that the grade of refinement of primary structure of cast steel 

influences meaningfully (measurably) the speed of ultrasonic wave propagation. The aim of this work is to 

determine the dependence between refinement of primary structure of cast steel being the result of 

modification and parameter of ultrasonic wave propagation in material. It would allow to appraise the 

structure of chosen parts of the steel cast by non-destructive methods.  

2. MATERIAL 

It is known from the previous works of the authors that the most advantageous effect of modification is 

obtained by joint addition FeTi and FeZr [3-6]. The addition FeNb and FeV also influence advantageously the 

refinement of structure [7].  

Nine melts with different modifying additions were done during the researches (Table 1)  

Table 1 Modifiers used in particular melts 

Number of casting 
Number of melt (x) 

1 2 3 

x.1 (absence) FeZr FeTi+FeZr 

x.2 FeV FeTi FeNb+FeV 

x.3 FeNb FeCaSi Na (met.) 

Four of obtained cast steels were chosen for further researches on the base of preliminary qualitative 

analysis of structure. The chemical constitution of chosen cast steels are presented in Table 2.   
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Table 2 Chemical constitution of tested cast steels [%] 

Melt no C Si Mn P S Cr Mo Ni Al. Cu Co Ti Zr Nb V 

2.1 0,32 0,72 0,97 0,016 0,024 0,95 0,78 1,23 0,063 0,16 0,028 0,007 0,035 0,073 0,088 

2.2 0,31 0,6 0,96 0,014 0,014 0,94 0,78 1,22 0,037 0,16 0,027 0,222 0,008 0,07 0,088 

3.1 0,24 0,95 1,01 0,015 0,027 1,12 0,78 1,11 0,056 0,15 0,028 0,064 0,029 0,002 0,025 

3.2 0,23 0,88 0,99 0,017 0,028 1,17 0,78 1,11 0,019 0,15 0,027 0,016 0,011 0,104 0,122 

 

The samples were taken from the test casts done for each cast steel and metallographic specimens were 

conducted. The specimens were etched by Adler’s and Oberhofer’s reagents in order to disclose the 

macrostructure. The samples were cut for macrostructure visualization on the specimen on whole thickness 

of the wall. The macrostructures of examined cast steels are shown on Figs. 2 - 5.  

 

Fig. 2 Macrophotographies of sample 2.1. a) Adler’s reagent; b) Oberhofer’s reagent  

 

Fig. 3 Macrophotographies of sample 2.2. a) Adler’s reagent; b) Oberhofer’s reagent 
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Fig. 4 Macrophotographies of sample 3.1. a) Adler’s reagent; b) Oberhofer’s reagent 

 

Fig. 5 Macrophotographies of sample 3.2. a) Adler’s reagent; b) Oberhofer’s reagent 

3. THE METHOD OF RESEARCHES AND RESULTS 

The measurements of sample thickness indispensable for calculations of wave propagation speed were 

conducted with the use of micrometer in points marked by Figs. 1 - 9. The location of other points is shown 

on Fig. 6.  

 
Fig. 6 The arrangement of measurement points on the section of test cast wall 
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Next, the measurements of ultrasonic wave propagation speed were conducted in the same points. The 

ultrasonic researches were conducted with the use of portable digital ultrasonic defectoscope of Starmans, 

model Defectobook DIO 1000.  There was used the head of the same producer PN10-4C (4 MHz) duringthe 

researches. The results are presented in Table 3.  

Table 3 The results of measurements of ultrasonic wave propagation speed and structure parameters  

No 

2.1 2.1 3.2 3.2 

V 

[m/s] 

Per. 

[mm] 

Width 

[mm] 

Min 

Feret 

[mm] 

V 

[m/s] 

Per. 

[mm] 

Width 

[mm] 

Min 

Feret 

[mm] 

V 

 [m/s] 

Per. 

[mm] 

Width 

[mm] 

Min 

Feret 

[mm] 

v  

[m/s] 

Per. 

[mm] 

Width 

[mm] 

Min 

Feret 

[mm] 

1 5792 3,3 0,06 0,27 5869 0,92 0,03 0,11 5876 2,16 0,08 0,3 5880 2,75 0,06 0,29 

2 5814 6,27 0,08 0,5 5876 1,94 0,09 0,29 5880 2,3 0,11 0,35 5871 2,81 0,08 0,32 

3 5824 3,1 0,06 0,26 5859 1,77 0,08 0,25 5874 2,65 0,1 0,36 5878 3,22 0,06 0,29 

4 5808 1,57 0,05 0,16 5855 1,78 0,08 0,25 5984 2,26 0,09 0,32 5882 1,28 0,05 0,13 

5 5808 6,19 0,09 0,52 5894 1,95 0,09 0,29 5883 2,5 0,13 0,39 5860 2,62 0,09 0,34 

6 5818 4,64 0,07 0,39 5897 2,32 0,09 0,32 5874 2,13 0,09 0,3 5876 1,78 0,06 0,21 

7 5796 1,76 0,05 0,17 5883 1,76 0,07 0,24 5868 2,37 0,09 0,32 5875 2,46 0,06 0,25 

8 5796 4,07 0,06 0,32 5891 1,91 0,08 0,26 5974 2,73 0,1 0,36 5872 1,52 0,05 0,17 

9 5786 2,67 0,05 0,22 5882 2,06 0,08 0,29 5978 2,45 0,09 0,34 5878 1,89 0,05 0,2 

The quantitative analysis of macrostructure was conducted in nine places of measurements of ultrasonic 

wave propagation speed with the use of automatic picture analyser NIS-ELEMENTS BR 3.10 (Fig. 7). The 

following values for each grain in measurement field as basic parameters of macrostructure of examined cast 

steel were determined: length, width, surface area, perimeter, MaxFeret and MinFeret. Averaging values of 

these parameters for measurement fields and determined speed of wave were statistically analyzed by 

stepwise regression. The dependence between wave propagation speed and structure parameters was 

wanted. It was noticed that the wave speed the most strongly depended on average value of width, surface 

area and the smallest parameter of Feret (MinFeret) of the primary structure grains of examined cast steel 

(table 3). The following function describes the dependence:  

v = 5878,647 - 100,960 · Perimeter - 2596,75 · Width+1532,857 · MinFeret                                              (1) 

R = 0,76, p<0,05 

 

Fig. 7 Decimal - to - binary conversion of macrostructure picture in measurement field for quantitative 

analysis 
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4. SUMMARY AND CONCLUSIONS 

The modificator FeTi is the most effective for refinement of primary structure among all used during the 

researches. The modificator FeZr seemed to be the least effective. However, it is the most advantageous to 

use both modificators FeTi and FeZr at similar quantities in the aspect of mechanical properties [3]. 

Big differences in the picture of disclosed macrostructure depending on used reagent are worth reflecting. 

The picture of macrostructure disclosed during etching by Oberhofer’s reagent is more advantageous in 

respect of automatic quantitative analysis.   

The dependence between ultrasonic wave propagation speed and stereological features of macrostructure 

was confirmed during the researches. It is appropriate to reach the following conclusions: 

 there is statistically strong dependence between ultrasonic wave propagation speed  and chosen 

stereological parameters of macrostructure according to formulated hypothesis,  

 it is proper to say that the both smaller grain and bigger refinement of primary structure, the bigger 

speed of ultrasonic wave propagation; that is conforming to the theory of ultrasonic wave propagation 

work in bodies which are not perfectly springy.  
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Abstract  

The surface temperature on the small radius surface in positions of straightening is an important parameter 

that can influence the surface quality of continuously cast steel slabs. Based on the detailed analysis the 

replacement of cooling nozzles pertaining to the small radius surface in the secondary cooling was 

performed on the caster in Evraz Vitkovice Steel due to the requirement on the increase of surface 

temperatures on the small radius surface of cast slabs. The results and experiences obtained after the 

replacement of cooling nozzles are compared to long-time operational data for the preceding setup of 

cooling nozzles that are used on the caster since 1995. The comparison is performed with the use of data 

acquired from the dynamic solidification model and with the use of the statistical operational data. The 

optimization of cooling nozzles setup is also discussed in the paper. 

Keywords: optimization, surface temperature, characteristics of nozzles, continuous casting, statistic 

1. INTRODUCTION 

The concasting machine (caster) for the 

casting of slabs (Fig. 2) has the 

secondary-cooling zone subdivided into 

thirteen sections, due to the convection 

of a greater amount of heat from the 

voluminous slab casting. The first 

section engages water nozzles from all 

sides of the slab. The remaining twelve 

sections engage air mist cooling 

nozzles, which are positioned only on 

the upper and underside of the 

concasting. It is therefore very important 

to determine the correct boundary 

conditions for the numerical model of 

the temperature field [1, 2]. Regarding 

the fact that on a real caster, where 

there are many types of nozzles with 

various settings positioned inside a 

closed cage. Real caster contains a total 

8 types of nozzles and geometrical 

layouts [3]. The aim is to modify the 

secondary cooling zones 6, 8 and 10 so 

as to increase the surface temperature 

of the slab in a small radius at point of straightening. Currently in cooling zones 6, 8 and 10 nozzles installed 

air mist nozzles Lechler 100.638.30.24 (Fig. 1). Since the cooling nozzle 100.638.30.24 for minimum water 

 

Fig. 1 Characteristics of nozzles Lechler 100.638.30.24 

and 100.528.30.24 
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flow appears to be too intensive and measurements were made for such a small nozzle 100.528.30.24 (Fig. 

3) [4]. In the last part of the year have been installed on the caster new smaller nozzles (100.528.30.24) in 

the cooling circuit 6, 8 and 10, but the settings remained the same water flow and optimization flow to take 

place this year [5, 6]. 

 

Fig. 2 Radial caster with cooling circuit and position of pyrometers 

2. STATISTICAL PROCESSING OF DATA FROM THE ON-LINE MODEL 

For each “heat”, the following statistical quantities are calculated for all measured and calculated values: the 

arithmetic mean, the minimal value, the maximal value and the standard deviation. 

The basic statistical quantities are evaluated only from so-called “clean” data - the statistics does not include 

the transition sections of the first and last heats in the sequence and also the data from any unexpected 

interruptions in casting. In the evaluation of the statistical data, it is necessary to compare the data for the 

same slab profile and also for the same class or group of steel. This paper presents the graphs of the 

statistical quantities for basic slab profile 1530x250 and two one class of carbon steel with an average 

carbon content of 0.16 % and 0.10 % within a period of 12 months of operation of the caster at EVRAZ 

VITKOVICE STEEL. The main part of the year in operation original cooling nozzles, the last part of the year 

are already installed a new smaller cooling nozzles. 

Fig. 3 compares the average values of the measured surface temperatures in two points with the average 

calculated temperatures in the same points. The graphs indicate that the measured and calculated values 

are practically identical in terms of their trends. Comparing the absolute values, it is possible to see that 

there are long intervals where the deviation is significant and, on the other hand, there are intervals where 

the values are identical. Furthermore, there are sequences of heats where one pyrometer is out of operation. 

The conclusion here is that the calculated values of the temperatures are much more reliable and give 

values that are much more suitable for the prediction system or the secondary-cooling regulation. Another 

reason why there can be a difference between the measured and calculated temperatures is the state of the 

secondary cooling. The magenta dividing line is marked heat with replace nozzles.  
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Fig. 3 The measured and calculated temperatures of a 1530×250 mm slab 

 

  

Fig. 4 Metallurgical length in dependence on casting speed 

 

The graphs in Fig. 4 show dependence between metallurgical length and casting speed. The solidification 

constant for steel C=0.16 % is K=24.3 mm2/min and for steel C=0.10 % is K=23.9 mm2/min. The graphs 

indicate a similar dependence for both steels. Blue bubbles are melting with the original nozzle and green 

bubbles represent a new cast of smaller nozzle in the circuit is 6, 8 and 10 The size of bubbles is the 

standard deviation calculated metallurgical length. Replace the nozzles did not bring any change in the 

average constant solidification. 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

65 

 

 

 

 

  

Fig. 5 Measured surface temperature at unbendig point in dependence on water flow in the cooling circuit 
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Set of graphs in Fig. 5 shows the effect of water flow in the circuit 6, 8 and 10 for two grads of steel on the 

surface temperature measured by the pyrometer (Fig. 2 shows the positioning pyrometer) in place of 

unbending point. Blue bubbles represent individual heats for the original nozzle and green bubbles represent 

heat cast it with new smaller nozzles. Size of the bubbles represents the standard deviation of the water flow 

in the relevant cooling circuit. From the figure it is clear that the replace of nozzles without modifying the flow 

of water (cooling nozzles) does not change the fundamental change in surface temperature at unbending 

point [7]. 

  
Fig. 6 Measured surface temperature at straightening in dependence on the total water flow in cooling 

circuits 6, 8 and 10 

The graphs in Fig. 6 summarize the dependence of Fig. 5. The graph is plotted the surface temperature 

dependence of the total water flow, were three cooling circuits 6, 8 and 10 on the top surface of concasting. 

3.  CONCLUSION 

This paper introduces basic way of utilizing the results of the dynamic solidification model of the temperature 

field in a real caster operation. The operator or user of the computer network of the steelworks can monitor 

the current temperature field, including the information on the current metallurgical length and surface 

temperatures.  

This article summarizes the first results obtained from the casting process after replacing the nozzle critical 

cooling circuits that affect surface quality of slab. These data are compared with results from the previous 

period. Obtained data confirm that the new smaller nozzles can achieve the same cooling effect as the 

original. Since, but the goal was to achieve a higher surface temperatures at unbending point, we can say 

that this can be achieved only by adjusting the overall cooling curves in the circuit 6, 8 and 10. This will be 

used in the optimization procedures [8, 9] and operational data that are presented here. The main reason for 

the exchange of the nozzles is just extending the control range in the lower water flows. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge a financial support from the project GACR P107/11/1566 founded 
by the Czech Science, Foundation, project ED0002/01/01 - NETME Centre and EVRAZ VITKOVICE 

STEEL 20/22023/136111/4.  



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

67 

LITERATURE 

[1] FERSTL K., MASARYK M.: Prenos tepla (Heat transfer book), STU Bratislava, 2011, ISBN 972-80-227-3534-6. 

[2] BIRAT, J. P., et al. The Making, Shaping and Treating of Steel: Casting Volume: 11th. EDITION. ALAN W. 

CRAMB. Pittsburgh, PA, USA: The AISE Steel Foundation, 2003. 1000 p. ISBN 0-930767-04-7.  

[3] PYSZKO, R., PŘÍHODA, M., FOJTÍK, P., KOVÁČ, M. Determination of heat flux layout in the mould of continuous 

casting of steel. Metalurgija = Metallurgy, vol. 51, (2), April/June 2012, p. 149-152. ISSN 0543-5846. 

[4] LUKS, T., ONDROUŠKOVÁ, J. HORSKÝ, J. Nozzle cooling of hot surfaces with various orientations. In 

Experimental fluid Mechanics 2011. Proceedings of the International conference. Jičín: 2011. p. 337-346. ISBN: 

978-80-7372-784-0. 

[5] MAUDER, T., STETINA, J., SANDERA, C., KAVICKA, F., MASARIK, M. An optimal relationship between casting 

speed and heat transfer coefficients for continuous casting process. In METAL 2011 Conference proceedings. 

Metal. Ostrava, Tanger. 2011. p. 22 - 27. ISBN 978-80-87294-22-2.  

[6] MAUDER, T.; ŠANDERA, Č.; ŠTĚTINA, J. A fuzzy- based optimal control algorithm for a continuous casting 

process. Materiali in tehnologije, 2012, vol. 46, is. 4, p. 325-328. ISSN: 1580- 2949 

[7] ŠTĚTINA, J.; KAVIČKA, F.; MAUDER, T.; KLIMEŠ, L.; MASARIK, M.; ŠAŇA, Z. Optimization of secondary 

cooling in order to achieve higher surface temperatures at the slab unbending point. In METAL 2011 Conference 

proceedings. Metal. Ostrava, Tanger, 2012. p. 36-41. ISBN: 978-80-87294-29-1. 

[8] KLIMEŠ, L.; POPELA, P. An Implementation of Progressive Hedging Algorithm for Engineering Problems. In 

MENDEL 2010 - 16th International Conference on Soft Computing. Brno: BUT, 2010. p. 459-464. ISBN: 978-80-

214-4120-0.  

[9] ZAMPACHOVA, E; POPELA, P., MRAZEK, M.  Optimum beam design via stochastic programming. Kybernetika 

Vol. 46 Issue 3, 2010, p. 571-582. 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

68 

DETERMINATION OF TEMPERATURE DEPENDENT COOLING INTENSITY FOR THE 

SIMULATION OF IN-LINE HEAT TREATMENT 

Jan KOMÍNEK, Michal POHANKA, Jana ONDROUŠKOVÁ  

Brno University of Technology, Brno, Czech Republic, EU, kominek@lptap.fme.vutbr.cz 

Abstract 

The production of steel by using hot rolling represents one of the biggest parts of steel production. The rolled 

materials’ final properties do not depend only on the chemical composition but also on the cooling process 

after rolling. This article concerns the simulation of heat treatment of steel products during the in-line 

process. The purpose of these simulations is to determine future cooling curves, the cooling rate and the 

final structure of the material in advance. Simulations can be carried out for many steel grades. However, for 

these simulations, knowledge of cooling intensity in cooling sections is necessary. This article specifically 

focuses on the determination of boundary conditions from the experimental measurements which are carried 

out as close to plant cooling conditions as possible. During these measurements two line infrared-scanners 

measured surface temperature distribution across hot steel before and after the cooling section in laboratory 

conditions. The objective of laboratory measurement was to establish data for a new inverse approach for 

computation of the heat transfer coefficient during the cooling process. The algorithm for the inverse method 

and example of obtained results are described. Obtained cooling intensities are applied and the simulation of 

heat treatment is presented as well.  

Keywords: Heat transfer coefficient, line infrared-scanner, inverse method, heat flux, surface temperature, 

heat treatment, simulation 

1. INTRODUCTION  

Heat treatment [1] offers many cost-saving opportunities. For example, with suitable controlled cooling it is 

possible to produce a special type of steel (DP and TRIP steel) using a smaller alloying element than is 

usual [2]. 

By combining heat treatment with hot rolling we obtain an in-line heat treatment. Reheating the material may 

not be necessary in this case. This can save lot of time and energy [3]. 

For the heat treatment design it is essential to perform simulations of cooling [4]. To ensure that the 

simulation will correspond to reality, future conditions must be created based on appropriate measured data.  

2. SIMULATING OF HEAT TREATMENT 

It is important to know the temperature distribution and rapidity temperature change during heat treatment. 

All of this data can be simulated. 

Simulations are based on the well-known phenomenon of heat conduction. Heat conduction is described by 

differential equations [5]. To solve these equations it is necessary to know thermally dependent material 

properties (mass density, thermal capacity, and thermal conductivity), initial and boundary conditions. 

Material properties are bound with materials and can be measured [6], [7]. The initial condition is the initial 

temperature field and is usually known. 

There are three standard boundary conditions. For this problem, the third type of condition is the most 

important.  
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           (1) 

Where  is a surface temperature at time t, and h is Heat Transfer Coefficient ( ). 

Functions of  on surfaces exactly describe the intensity of cooling. HTC function is dependent on 

many factors such as: number, type and set of nozzles, water flow rate, water pressure, geometry, material 

velocity, surface temperature, etc… [8] Therefore, it is not determined theoretically, but is measured. 

3. INFRARED-SCANNER 

An infrared-scanner (line scanner) measures in-line surface temperature based on radiation in the infrared 

portion of the spectrum (for example 1 µm) [9]. 

Compared to classic measuring methods, the infrared scanner provides multiple benefits. The infrared 

scanner directly measures surface temperature. Testing samples without thermocouples are much easier to 

prepare. They are less costly and can be fully manipulated. Infrared scanners can usually work at a relatively 

high frequency (36 - 150Hz for the type that was used [10]). This means that from 36 to 150 lines are 

measured per second, so that one can take measured temperature at multiple points in the direction of 

motion (for a standard speed of motion). 

4. EXPERIMENT DESCRIPTION 

The sample repeatedly moves along a linear path. Hot sample temperatures are measured during the 

cooling process by pair of infrared-scanners (see Fig. 1). 

 
Fig. 1 Experimental stand 

 The test material is heated up in electric furnace. 

 Material is placed to the beginning of the linear stand on a prepared trolley.  

 The sample sequentially passes under the first infrared scanner (point S1), through the cooling section 

(between points C1 and C2), and under the second infrared scanner (point S2). 
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 The movement direction is reversed at the end (point R2).  The sample goes back (to point R1) 

through the scanners and cooling section (points S2, C2, C1, S1). 

 Surface temperatures measured by infrared scanners are recorded into the computer during whole 

experiment. 

4.1. Data preparation 

In this paper, it is assumed that cooling is relatively homogeneous, at least along part of the width. In this 

case only one representative value is necessary (temperature) for each pass under the scanner (example of 

measured temperature field of sample is shown in Fig. 2).  

Process of data preparation: 

 Data measured before and after the experiment are cut out. 

 Data is limited by the width of the homogeneous region of the sample 

 The two dimensional temperature field (width x time) is converted to just one dimensional data (time). 

Average values in the width were used for conversion.     (2) 

 Information from both infrared scanners is synchronized 

 The temperature record is localized as the sample passes through the points S1, S2   

 Temperature and time are taken from each pass 
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Fig. 2 Measured surface temperature of sample 

4.2. Inverse task 

The aim of the inverse problem is to determine the boundary conditions on the cooling surface [11]. 

For each pass through the cooling section, we measured the initial and end temperatures of the samples. 

We can split the original inverse task to N + 1 subtask. One subtask for each pass through the cooling 

section (N is number of passing) and one to solve changes in the sample temperature field between leaving 

the furnace and entry under first infrared scanner.  

The inputs for each of N subtasks are the temperature field in a cross-section of the entering sample, surface 

temperatures after cooling and before the next cooling. It is obvious that it is not possible to determine the 

intensity of cooling in the cooling section as a function of more than one or two variables.   
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To ensure better stability, the simplest one-parameter function (a constant function) was selected. This 

function is well suited for the situation when constant cooling intensity in the cooling section is supposed. 

For each part of the cooling section, the HTC value is searched for to minimize the appropriate objective 

function. The objective function can be given by a simple formula: 

,            (3) 

where  is the measured temperature and  is the calculated temperature.  is obtained from the solution  

of the direct problem (which is dependent on the value of HTC).  

The differences between the two measured and calculated values can be used more precisely. The first 

temperature is measured after passing the cooling section and the second during the return.  

Example of objective function: 

         (4) 

The results of each subtask are the HTC value in the cooling section. Then the temperature field in material 

prior to the next cooling is simulated.  

The temperature field in the sample is needed to start solving the first subtask. Therefore, the following 

calculation is carried out first.  

The solution is based on the assumption of homogeneity in the sample temperature Tf in the furnace, the 

measured time t and the temperature T1, where t is the time between leaving the furnace and the first 

measured temperature T1 (in point S1). HTC on non-cooled sides and outside cooling region is supposed to 

be radiation and free convection. They can be analytically computed [5]. 

Solving this task serves to determine the temperature field at the entrance to the first cooling section. The 

optimized parameter is not the cooling intensity but the initial temperature in furnace Tf. The objective 

function is the absolute value of the difference between the measured temperature T1 and the calculated 

temperature T1c. 

5. EXAMPLE OF OBTAINED COOLING INTENSITY 

The testing sample was 

a 25mm tick plate and the velocity 

was 1m/s. The cooling section was 

composed of a water pool (width 

560mm x length 1000mm) with a 

50mm water layer and a group 

of solid-jet nozzles. Flow rate was 

15 l/sm2. Obtained values of HTC 

depending on the temperature are 

shown in Fig. 3. 

                                             

 

                                                                 Fig. 3 HTC values depend on temperature 
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6. EXAMPLE OF HEAT TREATMENT SIMULATION 

Prepared boundary conditions can be applied to simulation of in-line heat treatment process. The following 

parameters were chosen: Material - steel plate (ČSN 19 422), thickness - 15 mm, velocity - 1m/s, cooling 

section is composed of six subsection of total length - 40 m. 

Thermo-physical properties were calculated by IDS software [12]. Obtaining cooling curves are plotted in the 

CCT diagram [14] (see Fig. 4). According to the simulation we can assume bainite structure in the middle of 

material. Because the cooling rate is not same across the plate thickness the structure may vary. The final 

structure should be confirmed by measurement. 

 

Fig. 4 CCT diagram with cooling curves  

7. CONCLUSION 

For described determination of boundary conditions a pair of infrared scanners was used to determine the 

boundary conditions. One of the greatest benefits of this method includes lower manufacturing costs of the 

sample and easier handling of the sample (contrary to conventional measurement techniques). 

The main disadvantage is that the temperature measurements are taken from just outside the cooling 

section. This leads to the fact that the boundary conditions within the cooling section are searched in the 

form of simple functions (one value for whole cooling section). 

The limitations of this method for the relatively homogeneous cooling over the part of width material can be 

removed. This restriction was adopted in this paper because the nature of the measured cooling section 

made it possible. 

A variable for determination of the different cooling intensities across the width is in the process of being 

solved. 
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Abstract  

Nowadays, dynamic solidification models of continuously cast steel are commonly used in steelworks over 

the world to control the casting process and to monitor the steel production. Moreover, these models of 

transient temperature field can also be utilized for optimization of continuous casting, its on-line regulation, or 

may help operators to solve non-standard or breakdown situations that can occur when casting. In order to 

solve these problems in real time, parallel computing of dynamic solidification models can favourably be 

utilized. One of possible approaches is to use parallel computing on graphics processing units (GPUs) that 

offer a great computing performance in comparison to ordinary computing on CPUs. The paper describes an 

implementation of the parallel dynamic solidification model with the use of the CUDA architecture and 

NVIDIA GPUs. A comparison between the use of parallel and non-parallel models is presented and 

analysed. Results show that parallel computing on GPUs can considerably enhance the computing 

performance of solidification models and their use and efficiency in other tasks.  

Keywords: continuous casting, dynamic solidification model, parallel computing, GPGPU, CUDA 

1. INTRODUCTION 

Due to the rapid development of computers and numerical methods in last decades, numerical models of 

heat transfer and solidification of continuously cast steel blanks are nowadays widely operated in steelworks 

and metallurgy companies over the world. The utilization of these models in steelworks is rather wide: off-line 

models, which are not linked to a casting process in real time, usually allow engineers and metallurgists to 

perform simulations and analyses of parameters and their influence on casting process. On-line models, 

which have to operate in real time and process real data, are often used for casting process monitoring, for 

control of casting and also for its optimization [1]. Due to the requirement on their operating in real time, on-

line models are usually rather simple and faster than off-line models, which conversely enable more detailed 

but lengthy calculations. 

However, control and optimization tasks of continuous casting, see, e.g., [2, 3, 4, 5, 6, 7, 8], which utilize 

numerical models, very often require a combination of features of both the on-line and off-line models: the 

very fast computation in order to respond in real time as well as the ability to compute a fine-grid transient 

distribution of temperature field, which ensures the accuracy and reliability.  

A dynamic solidification model of continuous casting provides the numerical solution of heat transfer and 

solidification of cast blanks in a finite number of nodes, which represent the discretized spatial domain of 

blank [9]. The number of spatial nodes usually used for the computation is from dozens and hundreds of 

thousands (in case of on-line models) to several million (in case of off-line models). Moreover, due to the 

time discretization in order of thousands of discrete time steps, the calculation of the transient temperature 

field requires to perform billions of elementary computations. Nowadays, the performance of CPUs allows 

executing these computations with the computing time from several minutes (in case of on-line models) to 

tens of minutes (in case of off-line models). However, when considering the need of repeated calculations of 

dynamic solidification model by control, regulation and optimization algorithms of continuous casting, it can 

take even hours until a proper solution of casting situation is found. But this is very long time and there is 
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usually no opportunity for caster operators to wait for such a solution since they need to respond to a 

particular casting situation or to a problem immediately or in a very short time. 

There is therefore a natural effort to accelerate the computation of dynamic solidification models. It could 

thereby improve the applicability of these models for on-line control, regulation and optimization of 

continuous casting in real time. One of possible approaches for the computing acceleration is parallelization 

and computing on graphics processing units (GPUs), the so-called GPGPU programming [10]. The paper 

presents the implementation of the dynamic solidification model for billet continuous casting with the use of 

the CUDA architecture [11] and mainly the comparison of computing performance between parallel GPU and 

non-parallel CPU models is analyzed and discussed. Conclusions and results confirm that parallel GPGPU 

computing allows for a very significant speedup of solidification models, which enable new opportunities for 

on-line control, regulation and optimization of casting. 

2. DYNAMIC MODEL OF HEAT TRANSFER AND SOLIDIFICATION 

The dynamic solidification model for billet steel casting presented in the paper is derived and implemented 

with the use of the control volume method [12, 2]. The model provides the transient temperature field of 

entire cast billet from the meniscus level inside the mould, through the secondary and tertiary cooling zones 

to the cutting torch where cast billets are cut to desired lengths intended for next processing, see Fig. 1. The 

number of control volumes (i.e., the density of mesh) in spatial axes can be arbitrarily adjusted by a user 

according to a specific use and a desired accuracy. The solidification process of cast billets is driven by 

transient heat and mass transfer including phase changes. In the case mass transfer is neglected and 

conduction heat transfer is considered to be dominant, the transient temperature field is governed by the 

Fourier-Kirchhoff equation [9, 13] 
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where H [J·m-3] is the volume enthalpy, T [K] stands for the temperature, k [W·m-1·K-1] is the thermal 

conductivity, vz [m·s-1] denotes the casting speed component in the longitudinal direction of casting, t [s] is 

time, and x, y, and z [m] are spatial coordinates. In the case of curved part of casting machine, the cylindrical 

coordinate system is locally used. The thermodynamical function of the volume enthalpy H, which is strictly 

dependent on the temperature and on a chemical composition of steel grade, includes latent heat released 

when steel undergoes phase changes during solidification [13]. The volume enthalpy can be defined as 

follows [13]  
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where ρ [kg·m-3] denotes the density, c [J·kg-1·K-1] is the specific heat, Lf [J·kg-1] stands for latent heat of 

phase change and fs [-] is the temperature-dependent solid fraction, which gives the ratio between solid and 

liquid phases. 

In order to duly complete the model, initial and boundary conditions have to be provided. The initial 

condition (3) provides the temperature distribution T0 of entire blank at the beginning of simulation, i.e., in 

time t = 0. The boundary conditions (4a)-(4d) define the temperatures and heat withdrawal from the billet  

during the casting, where Tpour is the pouring temperature, q  [W·m-2] is the heat flux, h [W·m-2·K-1] is the heat 

transfer coefficient for convection, σ [W·m-2·K-4] is the Stefan-Boltzmann constant and ε [-] is the emissivity 

for radiation [12]. 
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    Fig. 1 Continuous casting method 

The numerical model of temperature field is then derived with the use of the control volume method [12, 2] 

and the explicit time discretization [12]. The control volume method is based on subdividing the entire billet 

into elements, so-called control volumes. Once the system of control volumes is established, energy balance 

is applied to each of them resulting in the following general explicit formula for the unknown volume enthalpy 

in the control volume (i, j, k) at time t + Δt  
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where Qis are heat transfer rates through the boundary of each control volume and Δx, Δy, Δz [m], and Δt [s] 

are spatial and time discretization steps, respectively. The third term in Eq. (5) is due to the movement of 

billet through the casting machine along the longitudinal direction. Eq. (5) provides the value of unknown 

volume enthalpy at time t + Δt from the known values of temperature and volume enthalpy at time t. In order 

to determine the unknown temperature at time t + Δt, the enthalpy-temperature mapping or the search in 

experimentally acquired data is usually used. The presented model utilizes the enthalpy-temperature 

relationship determined with the use of the solidification analysis package IDS [14], which is also utilized for 

the determination of temperature dependencies for thermophysical properties of steel. Due to the conditional 

stability of the explicit time discretization, the time discretization step has to be determined according to 

stability criteria [12].  

3. PARALLEL IMPLEMENTATION OF DYNAMIC MODEL RUNNING ON GPU  

As already mentioned in the introduction, there is a natural effort to speedup numerical models solving the 

solidification and heat transfer of cast blanks in order to utilize these models for on-line control and regulation 

of casting process in real time. Currently used commercial dynamic models use traditional single or multi-

core CPU computing. However, various computing problems, which can be parallelized, are possible to solve 

on graphics processing units (GPUs) [10]. These devices, primarily developed for computer graphics 

acceleration and real-time image rendering, can be used for technical and scientific computing, so-called 

general-purpose computing on graphic processors (GPGPU) [15]. A GPU generally consists of a rather large 

number (hundreds) of simple cores, which are designed to concurrently execute identical code but with 

different data. The performance of GPUs and a standard CPU illustrates Fig. 2 comparing the computing 

performance of a CPU Intel with GPUs GeForce GTX 480 and Tesla C2075 manufactured by NVIDIA 

Corporation [16]. For computing on GPUs, the parallel computing platform and programming approach are 

needed. NVIDIA Corporation, which is a forefront manufacturer of GPUs, has developed the Compute 
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Unified Device Architecture (CUDA). The dynamic 

solidification model presented in the paper was 

implemented and developed with the use of CUDA C/C++ 

[11]. 

Nowadays, GPGPU computing is widely used for 

massively parallel problems, mainly for image processing 

(see, e.g., [17]), Monte Carlo simulations (see, e.g., [18]), 

or molecular dynamics simulations (see, e.g., [19]). 

Several papers were also published in relation to heat 

transfer problems, see, e.g., [20]. However, the presented 

usage of GPGPU computing of the dynamic solidification 

model for continuous casting is rather progressive and 

has not been published in literature yet. 

As already described, GPGPU computing is suitable for solving problems with opportunity of massive 

parallelism. The described dynamic solidification model belongs among such problems. This is mainly due to 

features of the control volume method and due to the explicit time discretization. Practically, GPGPU 

computing of dynamic solidification model is organized in the following manner: at the beginning of each time 

iteration and for each control volume, the volume enthalpy and temperature from the previous time step are 

available. The CUDA architecture then concurrently runs the following code on all the cores of GPU, each 

core representing one control volume: 

 Step 1. The calculation of temperature-dependent thermophysical properties, which are required for 

the determination of heat transfer rates Qis in Eq. (5). 

 Step 2. The calculation of the volume enthalpy at time t + Δt given by Eq. (5). 

 Step 3. The calculation of the temperature at time t + Δt from the volume enthalpy (Step 2) according 

to the enthalpy-temperature relationship provided by the solidification package IDS. 

It is worth pointing out that all three above tasks are running concurrently in parallel manner on hundreds of 

cores available on GPU until all control volumes are computed. When Step 3 is finished, the computing loop 

is closed, and the computation continues with the next time iteration and the entire computing process is 

repeated until the final time or steady state of simulation is reached.  

4. COMPARISON OF COMPUTING PERFORMANCE  

The dynamic solidification model for billet continuous casting described in the paper was developed in both 

the CPU and GPU computing versions. The main part of the developed model is running in MATLAB 

computing environment for both the CPU and GPU versions. In the case of the model running on CPU, the 

numerical part solving the transient temperature field is implemented with the use of MEX files, which rapidly 

enhance the computing performance of MATLAB code. In the case of the model for GPU computing, the 

numerical part of the model is implemented with the use of the CUDA C/C++ architecture, which enables 

running the code on devices supporting CUDA. 

In order to compare the computing performance, a series of benchmark tests was performed. The CPU-

based model was running on a computer with Intel Core 2 Quad processor with four cores of 2.4 GHz and 

6 GB RAM memory. The GPU-based model was tested on a computer with the GPU device NVIDIA Tesla 

C2075, which includes 448 CUDA cores of 1.15 GHz and 6 GB RAM memory. The performance tests were 

carried out for several number of control volumes of the dynamic solidification model, i.e., for various 

computing accuracy: from the coarsest grid with 100,000 of control volumes to a finer grid with 3 million of 

control volumes. Both the models were configured for the identical geometry and setup of casting machine 

Fig. 2 Performance of CPU and GPUs [16] 
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operating in Trinecke zelezarny in the Czech Republic. However, the particular setup of casting machine has 

no direct influence on computing performance, and therefore these results and further conclusions can be 

considered as general for computing of dynamic solidification models. Particularly, simulations were carried 

out for low-carbon steel billets of 200 x 200 mm cast with the casting velocity of 1 m·min-1, the secondary 

cooling zone of the caster consists of 194 cooling nozzles produced by JATO. The time step for simulations 

was set to 0.6 s, but due to the numerical stability [12] the time step was decreased to 0.3 s and 0.15 s for 

the case of 2 and 3 million control volumes, respectively. Results of computing performance tests are shown 

in Table 1. 

Table 1 Results of performance tests 

Parameter 
Number of control volumes 

100,000 200,000 500,000 1,000,000 2,000,000 3,000,000 

Time step 0.6 s 0.6 s 0.6 s 0.6 s 0.3 s 0.15 s 

Number of time 
iterations 

2,800 2,800 2,800 2,800 5,600 11,200 

CPU time 1 min 24 s 2 min 39 s 7 min 5 s 15 min 53 s 66 min 27 s 203 min 0 s 

GPU time 2.9 s 5.1 s 11.7 s 24.1 s 86.0 s 244.2 s 

Speedup 29 × 31 × 36 × 40 × 46 × 50 × 

As can be clearly seen in Table 1, GPU computing allows for a very significant speedup of the dynamic 

solidification model in comparison to CPU-based computing. The speedup of the model varies with the 

number of control volumes of the model, i.e., with the density of the mesh, which directly influences the 

numerical accuracy. For the coarsest grid with 100,000 of control volumes, the speedup provided by the 

GPU computing is about 30-times in comparison to the CPU computed model. However, when the number of 

control volumes increases the performance of GPU becomes more evident and the speedup increases as 

well. For the finer grid with 3 million of control volumes, the speedup is even about 50-times. 

The presented study therefore confirms that GPGPU parallel computing and utilization of graphics 

processing units offer great computational performance and opportunities in technical and scientific 

computing. As already adumbrated, the presented GPU dynamic solidification model allows for new 

possibilities for on-line control and optimization of continuous steel casting, which will be a next aim of further 

research. 

5. CONCLUSIONS 

Nowadays, dynamic solidification models have become a widely used tool utilized in steelworks over the 

world. Such models are mainly utilized for casting control and optimization, defects occurrence reduction, or 

for off-line investigations and analyses. Especially for on-line casting control and its optimization, there is a 

permanent need to speed up these models, which are usually repeatedly computed by control and 

optimization algorithms in order to reach a desired solution. 

The developed parallel dynamic solidification model, which is intended for running on GPUs, brings new 

possibilities for on-line control and optimization tasks. Due to a rapid speedup of GPU computing, already 

developed control and optimization algorithms utilizing GPU models could very quickly solve problems that 

can suddenly occur when casting, and respond to these situations in a short time. The speedup of the GPU 

model in comparison to the CPU-based model depends on the number of control volumes, i.e., on the grid 

density. The performance tests, which were carried out with the use of GPU NVIDIA Tesla C2075, indicate 

that the speedup varies between 30 × and 50 ×, depending on the number of control volumes. 

The future research will be aimed at utilization of the developed GPU-based dynamic solidification model for 

on-line control and optimization problems of continuous steel casting. 
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Abstract 

The Knowledge of physical-chemical properties of molten oxide systems is essential in view of the high-

temperature metallurgical processes. Oxide systems form the basis of casting powders and metallurgical 

slags. The choice of an optimum slag mode influences not only the main metallurgical processes, but also 

the values of technical-economic indicators of the whole steelmaking process. One of the important 

characteristics are surface properties which influence properties of slags in metallurgy, the study of which 

contributes to the knowledge and the control of phenomena at the interface oxide system/metal. Viscosity is 

another important characteristic that affects useful properties of slags. It influences kinetic conditions in 

metallurgical processes. The presented paper is focused on the comparison between numerically and 

experimentally obtained values of surface tension and viscosity. The numerically obtained data were 

calculated using the Chou model. This model represents semi empirical geometric model, which allows the 

calculation of wide spectrum of the ternary systems physical-chemical properties. The ternary system of 

CaO-Al2O3-SiO2, which presents a simplified base of the casting powders used for continuous casting of 

steel, was chosen for the experiment. Concentration series of SiO2 was created to this ternary system. The 

experimental viscosity measurements were carried out by the rotating viscometer Anton Paar FRS 1600. The 

method of sessile drop was used for measurement of surface tension.  

Keywords: Viscosity, surface tension, geometrical model, slag 

1. INTRODUCTION 

Physical - chemical properties of molten oxide systems have a big influence on many phenomena in high - 

temperature metallurgical processes [1-5]. Oxide systems form the basis of casting powders and 

metallurgical slags. The viscosity of oxide melt is important physical property, in view of its direct effect on 

the kinetic conditions of the metallurgical processes. Viscosity depends mainly on temperature and chemical 

composition. Viscosity in metallurgical slags is determined by the silicate structure. Acid slag with large 

polymerised silicate ions is highly viscous, while basic slag with small de-polymerised silicates is less viscous 

[6]. The other important factor which influences the rate of chemical reaction at oxide system/metal interface 

is the surface tension. Experimental research of these phenomena is technically demanding and largely 

limited by the necessity to operate at high temperatures. That is the reason why the model studies represent 

an important role in this research area. In recent years many models [7, 8] dealing with the numerical 

calculation of various physical - chemical properties, such as surface tension and viscosity were developed. 

Nevertheless, the models still face the problem of dissonance of experimentally obtained values and 

calculated values because of the character of slag systems or absence of thermodynamic data.  

The aim of this work was calculation of surface tension and viscosity of ternary system CaO-Al2O3-SiO2 

using geometrical Chou model and comparison of numerical results with experimentally obtained values.    

mailto:silvie.rosypalova@vsb.cz
file:///C:/Local%20Settings/Temp/lenka.rehackova@vsb.cz
mailto:rostislav.dudek@vsb.cz
mailto:jana.dobrovska@vsb.cz
file:///C:/Local%20Settings/Temp/ludovit.dobrovsky@vsb.cz
file:///C:/Local%20Settings/Temp/monika.zaludova@vsb.cz


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

81 

2. EXPERIMENT 

2. 1 Materials 

The ternary system CaO - Al2O3 - SiO2 was selected for the experimental study. This system is the basis of 

casting powders used for continuous casting of steel. To this system the concentration line with the addition 

of 3; 6 and 9 of SiO2 was created. Its chemical composition is shown in Table 1. 

 

 

      

 

 

 

2. 2 Viscosity measurements 

The viscosity measurements were carried 

out by the rotating viscometer Anton Paar 

FRS 1600. The experimental instrument is 

shown in Fig. 1. This instrument measures 

the torque of graphite spindle rotating in 

graphite crucible filled with oxide melt. The 

speed range of the spindle is 0 - 200 rpm. A 

high temperature furnace system with a 

maximum temperature limit of 1600 °C that 

monitored by a Pt-13 %Rh/Pt thermocouple 

was used in the instrument. The graphite 

crucible containing 55 g of the oxide system 

was placed into the furnace. In order to avoid 

the oxidation of graphite crucible and 

spindle, the nitrogen gas (purity > 99.999) 

was used at a flow rate of 250 l/h. The 

furnace was heated to 1400 °C at the 

heating rate of 15.3°C/min and held for 30 

min to stabilize the temperature and 

homogenize the oxide melt. The graphite spindle was then immersed into the oxide melt. The viscosity was 

measured during heating up to 1600 °C at the heating rate of 3.3 °C/min. The optimum shear rate of 85 rpm 

was chosen for viscosity measurements [9]. 

2. 3 Surface tension measurements 

The method of sessile drop was used for measurement of surface tension. This method is based on 

automatic recognition of geometric shape of drop, which is sessile on a non-wettable plate [10, 11]. Graphite 

plate was used as a non-wettable plate. The recognition of the drop shape is divided into two steps. Firstly, it 

is estimated the approximate height of the drop in the image and secondly, the contour segments of the drop 

are found. For evaluation of the image the Laplace - Young equation is used. Experimental research of 

surface tension was performed in horizontal resistance graphite Tamman’s furnace.  

Table 1 Chemical composition of the concentration line 

 
SiO2 

(wt.%) 

CaO 

(wt.%) 

Al2O3 

(wt.%) 

TS 47.20 36.90 15.90 

TS + 3 wt.% SiO2 50.20 34.80 15.00 

TS + 6 wt.% SiO2 53.20 32.71 14.09 

TS + 9 wt.% SiO2 56.20 30.61 13.19 

 

Fig. 1 Viscometer Anton Paar FRS 1600 
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2.4 Mathematical modeling 

For mathematical calculation of surface tension and viscosity 

Chou model was used [12]. This model represents a semi 

empirical geometric model which enables the calculation of 

wide spectrum of ternary system physical-chemical properties 

[13, 14]. According to this model the calculated 

physicochemical properties of 1-2-3 system (shown in Fig. 2) 

can be expressed in a combination of three binaries each with 

an assigned binary composition. Then the model comes out 

from the relation: 

E
2323

E
3131

E
1212

E GWGWGWG   (1) 

where ΔGi
E and W i represent the excess Gibbs free energy of 

mixing and probability weight of binary system at the selected 

composition point, respectively.   

When the surface tension of the points A´, B´ and C´ is known then the equation (1) will become: 
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where σ is the surface tension of the ternary system solved in the point “O” (see below) [mN/m], σ i is the 

surface tension of the point i [mN/m], Wi is the probability weight of points  A´, B´, C´, xi
j   is mass fraction of 

the component i. 

In the case of viscosity calculation, the surface tension of points A´, B´ and C´ is replaced by viscosity of 

these points. 

The basic process of solving the introduced equations (2) - (9) was following: 

1. The miscible area of the ternary system in equilateral triangle was selected. 

2. On the borderline of this area three initial points (A´, B´ and C´) were selected. 

3. To compare the calculated data, the experimentally measured points were recorded in the bordered area. 

These points are denoted individually as the points “O”.  

4. By connecting each initial point with the point “O” three triangles ΔOA´B´, ΔOA´C´ and ΔOC´B´ are 

created. Using the coordinates of these triangles the equations (6) - (9) are calculated. 

The surface tension or viscosity of initial points A´, B´ and C´ for the equation (2) was obtained by 

experimental measurements. 

 
Fig. 2 Schematic diagram for the system 

with a limited solubility area 
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3. RESULTS 

3.1 Viscosity 

The viscosity data of concentration series were calculated using the geometrical Chou model. The input 

parameters for calculation per this model were obtained by experimental measurements. The results of 

mathematical modeling are shown in Fig. 3 and results of experimental measurements in Fig. 4.   

0

2

4

6

8

10

12

14

16

18

1440 1460 1480 1500 1520 1540 1560

V
is

co
si

ty
 (

P
a.

s)

Temperature (°C)

TS

TS+3wt.% SiO2

TS+6wt.%SiO2

TS+9wt.%SiO2

 

0

0,5

1

1,5

2

2,5

3

1440 1460 1480 1500 1520 1540 1560

V
is

co
si

ty
 (

P
a.

s)

Temperature (°C) 

TS

TS+3wt.%SiO2

TS+6wt.%SiO2

TS+9wt.%SiO2

 
Fig. 3 The calculated temperature dependences of 

viscosity of concentration line of SiO2 

Fig. 4 The measured temperature dependences of 

viscosity of concentration line of SiO2 

3.2 Surface tension 

The calculation of the surface tension for concentration series of ternary system SiO2 - CaO - Al2O3 was 

realized using the Chou model too. The results of mathematical modeling are shown in Fig. 5 and results of 

experimental measurements obtained by the method of sessile drop are presented in Fig. 6.   
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Fig. 5 The calculated temperature dependences of 

surface tension of concentration line of SiO2 

Fig. 6 The measured temperature dependences of 

surface tension of concentration line of SiO2 
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4. DISCUSSION AND CONCLUSIONS 

The viscosity and surface tension temperature dependences of laboratory prepared SiO2 concentration 

series of ternary system CaO - Al2O3 - SiO2 were obtained using the geometrical Chou model. This model 

enables calculation of wide spectrum of ternary system physical-chemical properties. The calculated values 

were compared with the experimentally measured values.  

At first the input data for calculation of viscosity were measured experimentally. Subsequently, these data 

were used in calculation of viscosity using the equations (2) - (9). It can be seen from Figs. 3 and 4 that 

viscosity exponentially decreases with temperature and increases with additional SiO2 in both calculated 

values and experimentally measured values. Comparison between the calculated values and experimental 

values is shown in Fig. 7. This figure shows that the deviation is significant. While experimentally measured 

viscosity values of basic ternary system (without addition of SiO2) are in the interval of 1.01 Pa.s - 0.34 Pa.s, 

the calculated values are in the interval of 7.79 Pa.s - 1.91 Pa.s. In case of concentration series the tendency 

of increase of calculated viscosity values is analogous. In slag systems, viscosity is dominated by the silicate 

structure; an acid slag with large polymerized silicate ions is highly viscous whereas a basic slag with small 

de-polymerized silicates is much more fluid. Except the presence of net-forming and non-net-forming oxides 

in the slag, complicated interactions between the cations and anions make the predicting and modeling of 

slag viscosity often quite problematic. For this reason, the functionality of many mathematical models for 

viscosity calculation is limited by concentration range of some components, such as SiO2, Al2O3 [15, 16].  

Surface tension values were calculated as viscosity using the Chou model. Figs. 5 and 6 show, that surface 

tension decreases with addition of SiO2 in both calculated values and experimentally measured values. 

Increase of surface tension with temperature is more evident in experimental data, while in the calculated 

data this increase is very slight. Fig. 8 shows comparison of the experimentally obtained surface tension 

values with the calculated data. From this figure it is evident, that Chou model is suitable for calculation of 

surface tension. For example the surface tension experimental values of basic ternary system are in the 

range of 515 mN/m - 535 mN/m and the calculated values are in the range of 507 mN/m - 515 mN/m. 

Average deviation of the calculated values from the experimental values is 5 %.  

The obtained results can be summarized as follows. Although the Chou model enables the calculation of 

wide spectrum of ternary system physical-chemical properties, it is unsuitable for calculation of viscosity of 

the ternary system CaO - Al2O3 - SiO2 with concentration range of 47.20 wt. % - 56.20 wt. % of SiO2. On the 

other hand this model is suitable for calculation of surface tension of the ternary system CaO - Al2O3 - SiO2. 
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Fig. 7 Comparison of experimentally obtained 

viscosity values with the calculated data 

Fig. 8 Comparison of experimentally obtained 

surface tension values with the calculated data 
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Abstract 

The paper builds on the previous work of authors devoted to the verification of casting technology of 90-ton 

heavy steel ingot using numerical modelling and operational experiment. Numerical modelling was 

performed with use of the ProCAST software. In the first stage of an extensive modelling research, the 

conditions of heat transfer used in the setting of calculation of casting and solidification were modified based 

on experimental thermography measurement. Thermodynamic properties of steel were also verified. The 

results of numerical modelling of macrosegregation in ingot under standard conditions of casting were 

continuously compared with the results obtained from the analysis of experimentally-cast ingot. Once the 

agreement has been reached between the numerical and experimental results of the research, the attention 

was paid to verification of the effect of boundary conditions of casting on the size of macrosegregation in 

heavy steel ingots. In the case of casting of steel ingots, the most important and most easily influenced 

technological boundary conditions include the casting temperature and the speed of the casting. In contrast, 

the material of the mould or the grade of cast steel cannot be arbitrarily changed. For this reason, the 

attention was focused on the verification of the extent of ingot volume defects depending on the casting 

temperature of steel and casting speed. The best appeared to be the variant, in which was used the 

decrease of casting temperature during filling of the mould and simultaneously the longer casting time up by  

15 minutes.  

Keywords: heavy steel ingot, macrosegregation, numerical modelling, ProCAST 

1. INTRODUCTION 

Based on available literature [e.g. 1, 2], it was confirmed that the macrosegregation in heavy steel ingots is a 

function of chemical composition of the steel, of the applied method and time of solidification. This means 

that in order to minimize the extent of the segregation in the heavy steel ingot it is not sufficient to change 

only the geometry of the mould, but it is also necessary to optimize the mode of casting [3, 4] and primarily to 

control of solidification. Especially in demanding metallurgical conditions, it is appropriate to apply the 

method of numerical modelling using some of the available simulation software. In the previous works of the 

authors [5, 6, 7, 8] the attention was focused on the verification of definition of thermodynamic parameters 

and parameters of heat transfer coefficients in numerical model of the casting and solidification of 90-ton 

steel heavy ingot produced in VÍTKOVICE HEAVY MACHINERY a.s. (VHM). The numerical modelling was 

realized in ProCAST simulation programme under the conditions of the Department of Metallurgy and 

Foundry and the Regional Materials Science and Technology Centre at the VSB-TU Ostrava in cooperation 

with the company MECAS ESI s.r.o. The results of numerical modelling of macrosegregation in ingot under 

standard conditions of casting were continuously compared with the results obtained from the analysis of 
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experimentally-cast ingot [7, 9]. Once the agreement has been reached between the numerical and 

experimental results of the research, the main aim of the next simulations was to verify the effect of 

boundary conditions of casting on size of macrosegregation in heavy steel ingots. The presented paper 

highlights the most important information about the setting of numerical model and compares the resulting 

size of macrosegregation in steel ingot under different boundary conditions of casting.  

2. NUMERICAL SIMULATION 

2.1. Mesh generation 

The ProCAST software is based on the finite 

elements method. When large ingots are 

modelled, the mesh size becomes very large 

with respect to the thermal gradients, especially 

in the early stages of cooling. In order to obtain 

appropriate answers (i.e. more accurate 

temperatures), it is advised to generate few 

layers (of few mm in thickness) inside the ingot, 

as well as inside the mould, as it is shown in 

Fig. 1 [10].  

In Fig. 1 volume mesh in cross-section can be 

seen. Major part of the ingot has rough mesh (violet) and layer of fine mesh is at borders (ochre) [11]. The 

simulation can be divided to computation of the filling phase and the solidification phase. Then, in many 

cases, the mesh for simulation of filling is usually different than the mesh for solidification. For example, it is 

not necessary to have the whole gating system during the computation of the solidification. In our case, the 

uniform mesh with average size of elements of 30mm/50 mm was used for both filling and solidification. 

2.2. Boundary conditions vs. simulated variants  

VÍTKOVICE HEAVY MACHINERY a.s. is traditional producer of large machinery components. For these 

products it is necessary to cast ingots weighing up to 200 tons. Steel plant of VHM is equipped with EAF, LF, 

VD and VOD facilities. Ingots from 1.7 up to 200 tons are bottom cast. The EAF capacity is 70 tons so the 

larger ingots are cumulated from two or three heats. An experimental 90-ton ingot was cast at the steel plant 

VHM in order to determine the extent of chemical heterogeneity. As it was mentioned, this type of ingot was 

cast from two heats. Each of these two heats had different content of copper and nickel in order to determine 

mixing of these two heats in the solidified ingot. Content of other elements was targeted at the same level. 

Chemical analysis of both heats and the weighted average of both heats reflecting different weight of these 

heats were published in [9]. However, the filling was simulated in one step (without interruption during the 

changing of the ladles) during the numerical simulation because in the numerical model it would be very 

difficult to mathematically/physically/chemically describe the way of mixing of steels in the ingot body.  

The casting speed and casting temperature differed according to the simulated variant. The primary variant 

(A) was set according to the experimental casting conditions of the ingot experimentally cast in VHM. Other 

three variants (B, C, D) differed either by the casting temperature (B) or by the casting speed (C) or by both 

(D). The overview of boundary conditions (casting speed/ casting temperatures) of the simulated variants is 

given in Table 1. 

 

 

mold ingot

Fine mesh Rough mesh

 

Fig. 1 Volume mesh in cross section of the casting 

system 
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Table 1 Overview of boundary conditions of simulated variants 

Variant Casting Temperature [ °C] Total filling time [min] 

A 1570 55 

B 1570 1540 during 55 min 55 

C 1570 65 

D 1570 1540 during 65 min 65 

2.3. Material properties  

In pre-processing phase, the material properties of individual components of casting system have to be 

defined. Structural carbon manganese steel (S355J2G3 according to the EN 10 250) was chosen for this 

trial. For simulation of casting and solidification of a 90-ton ingot, the new modified steel grade S355mod., 

including its thermodynamic properties, had to be defined in the PreCAST module in the section ’Materials’ 

using the integrated thermodynamic database Computherm. As it was mentioned above, in experimental 

casting conditions the ingot was cast from two heats, which differed by content of Cu and Ni, in order to 

determine mutual mixing of these two heats in the solidified ingot [9]. However, it is not yet possible in the 

ProCAST to simulate the filling of the different steel grades through only one inlet. Therefore only the 

chemical composition of the weighted average of both heats [9] was used. The quality of the results of the 

numerical simulation of the volume defects in ingots, especially macrosegregation of elements, is mainly 

determined by the quality of the thermodynamic properties of the steel and of the mould material. Therefore 

the generated thermodynamic properties of the mould material were also experimentally studied by the DSC 

thermal analysis, as it was published in [8]. The properties of refractory materials were determined as 

indicated in the data sheets provided by the manufacturer.  

2.4. Interface 

To be sure that the heat transfer conditions (HTC) are set correctly, the thermography measurement of 

temperature fields and heat flux of the individual parts of the casting system during the experimental casting 

of the 90-ton ingot was ensured [5, 6]. The HTC is very dependent on the quality of the surface contact 

between the ingot and mould. Usually, the HTC is described in the literature as a constant. In our case, the 

HTC were set depending on the time or temperature. The validated coefficient was in the range  

150- 800 W/m2K. On the basis of results of thermography measurement, the temperature fields on the mould 

surface [5] and also on the ingot body surface obtained from numerical modelling were compared, as it is 

shown in Fig. 2. The area of the hot top was influenced by the insulation. 

   
Thermovision Original setting of HTC Modified HTC 

Fig. 2 Comparison of temperature fields on the ingot surface after the stripping 

2.5 Computation of macrosegregation 

As it was published in [7], the computation of macrosegregation is possible due to the MACRO module - it is 

necessary to activate it in RUN PARAMETERS using the value “1”. The MACRO module is integrated with 

thermodynamic parameters of the cast materials, such as liquidus temperature and solidus temperature. The 

liquid species conservation is governed by the equation [10]: 
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The solid species conservation is described by the equation (2) 
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where c is concentration, m is species, l = fs d2 /6 is diffusion length, S = 2 / d2 is interfacial area 

concentration, sl is solid and liquid interface and D is diffusivity. Obviously, the macrosegregation is 

influenced by the natural convection during solidification - therefore it is recommended also to activate the 

FLOW module. The temperature dependence of density for liquid metals is linear: 
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where 
m

ref is the reference density, 
m

refT  is the reference temperature. The liquid density is calculated by 

equation (4): 
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where 
m

lc  is the liquid concentration. 

3. RESULTS AND DISCUSSION 

Before comparison of experimental and numerical results of macrosegregation, it was necessary to consider 

these differences: a) as it was mentioned above, the experimental ingot was cumulated from two heats. In 

numerical modelling it was not possible to simulate the change of chemical composition; therefore the 

constant contents of the elements during whole simulation was used; b) if we compute macrosegregation, it 

is necessary to consider these limitations: no solid movement, no grain sedimentation, fully equiaxed 

dendrites, no columnar dendrites; c) in order to cover the evolution of element macrosegregation, the filling 

phase and the solidification phase were simulated in one step with use of one type of computational mesh. 

Fig. 3 shows the temperatures fields at 43 - 49 min. of the filling phase for all four simulated variants. As it is 

evident, the lowest temperatures were achieved in the variant D when we supposed the longer filling time  

(65 min.) with the decrease of the casting temperature of approx. 30 °C during 65 minutes (the casting 

temperatures decreased from 1570 to 1540 °C in the ladle, which means that the temperature of steel in the 

ladle decreased approx. by 0.46°C.min-1). In real conditions, however, the decrease of the temperature in the 

ladle is smaller. On the other hand, when we compared the temperature fields in the ingot body after one 

hour and thirty six minutes after filling (Fig. 4), the differences between the temperatures of steel at individual 

variants were much smaller because of the big volume of hot metal. So, we may suppose, that the final 

solidification time and also the macrosegregation will be probably similar. Fig. 5a presents a comparison of 

the final macrosegregation of carbon in the central cross section of the ingot body for individual variants. The 

lowest differences in the content of the carbon along the height of the central axis were reached in the 

variant D. However, in comparison with the variant A, the average difference is only 0.02 wt. %. Fig. 5b 

presents a comparison of the distribution maps of carbon in the half cross section of the ingot body. As it can 

been seen, the distribution of carbon is in the variant D more homogeneous. For remaining element (Mn, Si, 

Cu, Ni, S, P) the situation was similar. As it was also mentioned above, since no grain sedimentation took 

place, the negative macrosegregation was neglected, as it is evident from Fig. 5.  
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Fig. 3 Comparison of the temperature fields at 43 - 49 min of the filling phase between the simulated variants 
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Fig. 4 Comparison of temperature fields in the ingot body after 1 hour and 36 min. after filling 

 

a) 

 

b) 
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 variant A                     variant D 

Fig. 5 Comparison of final macrosegregation of carbon in the central cross section of the ingot body 
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4. CONCLUSION 

The paper was devoted to the verification of macrosegregation in heavy steel ingot depending on the 

boundary conditions of the casting. Four variants were simulated, where the casting temperature and casting 

speed (or the filling time) were changed. The simulations included the filling and solidification phase together 

with computation of the segregation processes. In all variants, the final character of the solidification was 

very similar. The slight extension of the time to solidus can be observed when we extend the filling time by 

15 minutes (from 50 to 65 minutes). The lowest level of macrosegregations were achieved in the variant D 

when we used the longer filling time together with decrease of casting temperatures approx. by 30 °C 

because of the cooling of the melt in the ladle during 65 minutes of the casting. However, the tested 

adjustment of casting technology appeared to have only small impact on the resulting macrosegregations. 
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Abstract  

Factors influencing the crystallization process (e.g. chemical composition of the alloy, casting conditions, 

conditions of heat dissipation from the mold, etc.) in conjunction with a set of data recorded during the 

solidification and crystallization processes, and data describing the morphology of the stereological 

parameters of the alloy will complete the missing knowledge about the influence of the kinetics of high-silicon 

iron crystallization on its microstructure. This would involve intermetallic phases such as Fe5Si3 characteristic 

of alloys with high Si content. Literature touching this subject is poor, these positions often date back to the 

second half of last century, and the information contained in some cases is mutually exclusive. After crossing 

the border of 15 % Si in the alloy we deal with contradicting information about the microstructure of the 

matrix. Regarding the crystallization process and the impact of conditions on the formation of these phases 

the literature is unavailable or gives insufficient data, which is not satisfactory. Therefore, this study presents 

a crystallization process in various conditions for high silicon cast iron alloys. 

Keywords: silicon cast iron, crystallization, intermetallic phases, thermal derivative analysis 

1. INTRODUCTION  

The first casting, produced of this material was used in the chemical industry by the Frenchman A. Jouvé in 

1907. It was very successful because in that period the now common spread stainless steels, and after them 

the duplex and super austenitic stainless steels, as well as the highly nickel alloys and nickel molybdenum 

alloys were not yet known and not being used at all [1]. Because of its low price and very good chemical 

resistance (especially for sulfuric acid), the 14 - 17 % silicon irons stayed on the market a long time. 

However, now it is used less common because of the production difficulties, only a few foundries can 

produce it according to the standards. On top of this, it requires special precautions by the user especially 

because of its high brittleness. This is a disadvantage comparing to stainless steels and nickel alloys [1]. 

The applications, these days, are limited to corrosion resistance. It has for example a high resistance in 

sulfuric acid. But also as electrode for cathodic corrosion resistance, it is still very popular [1]. High silicon 

cast irons are defined by ASTM standards A 518 and A 861. Chemical composition according to ASTM 

standard is presented in Table 1. 

Table 1 Chemical composition acc. to ASTM standard [2] 

 Composition, Weight % 

Grade 1 Grade 2 Grade 3 

Carbon 0,65-1,1 0,75-1,15 0,7-1,1 

Manganese 1,5 max 1,5 max 1,5 max 

Silicon 14,20 -14,75 14,20 -14,75 14,20 -14,75 

Chromium 0,5 max 3,25-5 3,25-5 

Molybdenum 0,5 max 0,4-0,6 0,2 max 

Copper 0,5 max 0,5 max 0,5 max 
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High silicon cast irons represent the fifth class of corrosion-resistant cast irons [3]. The main alloying element 

is 12 to 18 % Si, with more than 14.2 % Si needed to develop excellent corrosion resistance. Chromium and 

molybdenum are also used in combination with silicon to develop corrosion resistance to specific 

environments [3]. High silicon cast irons represent the most universally corrosion-resistant alloys available at 

moderate cost. When silicon levels exceed 14.2 % high silicon cast irons exhibit excellent resistance to 

H2SO4, HNO3, HCl, CH3COOH, and most other mineral and organic acids and corrosives. These materials 

display good resistance in oxidizing and reducing environments and are not appreciably affected by 

concentration or temperature [3]. Exceptions to universal resistance are hydrofluoric acid (HF), fluoride salts, 

sulfurous acid (H2SO3), sulfite compounds, strong alkalies, and alternating acid-alkali conditions [3]. 

2. EXPERIMENTAL PART 

2.1  The experiment conditions  

Double melting technology was carried out [4]. The first stage consists of pre-melting in industrial conditions 

with the use of electric arc furnace [5]. The second phase was carried out in an induction furnace with a 

capacity of 50 kW and a frequency of 60 Hz [6]. Charge materials while introducing carburizers melted [7], 

then superheated to a temperature of 1400 °C. The next step was cooling the liquid metal with the furnace to 

a temperature of 1200 °C and then rapidly heating to a temperature of the liquid metal 1350 °C. The molten 

metal was poured into a hot ladle then into prepared moulds for thermal derivative analysis TDA (Fig. 1). 

Two different rates of heat removal from the casting mould obtained by the introduction into the recess of the 

mould plug of one of them, which is characterized by a low thermal conductivity (Fig. 1a - “case a”, 

aluminosilicate fibres mould plug, λ = 0.342 W/(m·K)). The second form was made of moulding sand (Fig. 1b 

- “case b”, consisting of sand and bentonite). The thermal conductivity of the moulding sand is 0,4 W/(m·K) 

for 100 ºC ÷ 0,7 W/(m·K) for 1000 ºC. 

a)     b)  

Fig. 1 Casting moulds for TDA tests with aluminosilicate fibres plug a) and without b) 

2.2  Test results  

Fig. 2 shows the recorded temperature changes in time for different rates of heat transfer. The first derivative 

was calculated. The calculations result in graphical form in Fig. 2 was showed. Thermal effects in the solid 

state are visible on the graph, too. Transition temperature corresponds to the thermal effect of phase 

transformation from Fe2Si to Fe5Si3. Maximum thermal effect of phase transitions was observed in 991 ºC 

(case a) and 990 ºC (case b).  

Mould  

plug 
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Fig. 2 TDA curves for casting moulds with aluminosilicate fibres plug (case “a”) and without (case “b”) 

 

In the next stage of research the chemical composition analysis was carried. Leco GDS 500A spectrometer 

was used in the study. The results are presented in Table 2.  

Table 2 Chemical composition of high silicon cast iron 

 Composition, Weight % 

Carbon  0,565  

Manganese  10,305  

Silicon  15,75  

Chromium  0,558  

Molybdenum  0,02  

Copper  0,064  

 

The next stage of the study was the 

metallographic analysis. Metallographic samples 

were cut from the location as close to the 

thermocuouples as possible. Samples were not 

etched. 

Below the Figs. 3 - 6 shows the microstructure 

of high silicon cast iron. Metallographic analysis 

revealed the separation of flake graphite and the 

metal matrix consisting of two components: 

ferrite, silicon (bright area visible in the 

microstructure) and dark areas, as shown in 

Figs. 3 - 6. Graphite type I and II (in accordance 

with ISO 945) for "a" sample was observed. 

Graphite type II in the sample “b” was observed. 

Fig. 3 Microstructure of silicon cast iron, not etched - case a 
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Fig. 4 Microstructure of silicon cast iron, not etched - case a 

 
Fig. 5 Microstructure of silicon cast iron, not etched - case b 

 
Fig. 6 Microstructure of silicon cast iron, not etched - case b 

In order to identify the dark areas present in the microstructure of the matrix thermal derivative analysis 

(TDA) was used. Phase identification was carried out based on a Thermo - Calc software. It was found that 
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the characteristic place of the TDA graph (temperature 990 °C) corresponds to the thermal effect of phase 

transformations from Fe2Si to Fe5Si3 phase (dark region visible in the microstructure). It was made to verify 

the phase of the alloy. The verification was made based on X-ray diffraction analysis. The results (see Fig. 7) 

confirm the earlier analysis. 

 

Fig. 7 High silicon cast iron matrix - phase identification 

3. CONCLUSION 

Metallographic analysis revealed the separation of flake graphite and the metal matrix consisting of two 

components: ferrite, silicon (bright area visible in the microstructure) and dark areas, as shown in Figs. 3 -6. 

Graphite type I and II (in accordance with ISO 945) for "a" sample was observed. Graphite type II in the 

sample “b” was observed. It was found that the characteristic place of the TDA graph (temperature 990 °C) 

corresponds to the thermal effect of phase transformations from Fe2Si to Fe5Si3 phase (dark region visible in 

the microstructure). It was made to verify the phase of the alloy. The verification was made based on X-ray 

diffraction analysis. The obtained results confirm the earlier analysis [4] from Thermo Calc computer 

program.  
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Abstract  

In continuous casting, the secondary cooling zone plays a crucial role in solidification process in a casting 

strand. Improper cooling conditions may have a detrimental impact on stress distribution in solidified shell, 

leading to cracks and other casting defects. Careful design of operating regimes for secondary cooling zone 

requires the effect of spray zones on overall temperature field of the strand to be known, be it in steady or 

transient state. Transients, as the inherently dynamic phenomena, represent a considerable challenge for 

control due to natural nonlinearity of solidification, peculiar character of process time constants and, most 

importantly, stringent economics of the whole production process. In this paper, a feasibility study of online 

identification and adaptive control of secondary cooling zone of billet continuous caster as a distributed 

parameter system has been performed, the results being compared with traditional PI fixed control law in 

anti-windup scheme. For this purpose, ProCAST casting simulation environment served as a numerical 

model of the casting process whereas the DPS Blockset for MATLAB & Simulink provided blocks for control 

synthesis in MATLAB/Simulink control design environment. The actual control process ran in a cosimulation 

regime with both environments interchanging their data synchronously via tailor-made cosimulation block 

from DPS Blockset (the actual data being controlled and manipulated variables, respectively).  

Keywords: Continuous casting, secondary cooling zone, online identification, adaptive control, distributed 

parameter system 

1. INTRODUCTION 

Production quality in continuous casting is considerably influenced by temperature variations during strand 

cooling in secondary cooling zone. This presents control challenges for the team of researchers all over the 

world [1] [2] [3] [4]. Nevertheless, today’s great advances in computer industry enable engineers to fully 

exploit capabilities of virtual engineering environments, concerning models described by nonlinear partial 

differential equations (PDE) [5]. On the other hand, systems and control theory considers PDE-governed 

systems as distributed parameter systems (DPS) [6]. In this paper, DPS dynamical characteristics of the 

strand secondary cooling have been obtained in ProCAST while the control synthesis was performed using 

engineering methods of DPS control [7]. Results obtained take form of a cosimulation of two software 

packages working in parallel: for dynamics modeling, ProCAST served the purpose whereas for control, 

Distributed Parameter Systems Blockset for MATLAB & Simulink (DPS Blockset) was utilized.  

2. SECONDARY COOLING ZONE AS A LUMPED-INPUT AND DISTRIBUTED-PARAMETER-

OUTPUT SYSTEM 

A typical steel billet CC process is shown in Fig. 1a. The secondary cooling is very important during this 

process and maintaining a correct temperature field is crucial to the quality of the product. In Fig. 1a it can 

be clearly seen that various roll and nozzle arrangements render the typical temperature patterns on the 
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strand surface. The cooling water nozzles are being arranged into independent sections with individually 

controlled flow rates    1,i i n
U t


 , Fig. 1b. 

   
(a)       (b) 

Fig. 1 Temperature of the strand surface in secondary cooling zone (a), relation between water flow rates 

and temperature field of the strand (b) with ( , ) ( , , , )t x y z tY x Y  being the overall strand temperature field 

In general, the CC secondary cooling process is governed by a nonlinear PDE relating the cooling rate and 

the temperature field of the strand. This in general represents a distributed-input and distributed-parameter-

output system (DDS), Fig. 2. 

 
Fig. 2 Distributed-input and distributed-parameter-output system 

 

Analyzing the dynamics between the water flow and the overall strand temperature field we can clearly 

assign the intermediate dynamical blocks both to the water supply valve system  
1...i i n

SA


 and spray nozzle 

sections 
1...i i n

GU


, thus creating a lumped-input and distributed-parameter-output system (LDS), Fig. 3. 

 

Fig. 3 Lumped-input and distributed-parameter-output system 

 

For CC machine in Železiarne Podbrezová, the LDS characteristics of the secondary cooling zone were 

obtained using a validated 2D model in ProCAST. The cross-section of the strand refers to a billet - 200 x 

200 mm. The control objective was to maintain a reference temperature field of the billet. A steady-state 
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operational regime - the setpoint of the casting machine was considered, i.e. steady-state water flow rates 

   1,5i i
U t


 maintaining steady-state temperature field (solidification profile) for particular operating conditions 

(steel grade, casting velocity, superheat). In a linearized neighborhood around the setpoint let us consider 

a step change of water flow rates for individual cooling sections. This way we obtain a set of distributed 

transient characteristics (Fig. 4), which are denoted in a discrete time as 
1,5

( , )i i
k


H xH . Here, x   denotes 

a finite set of nodes from definition domain of the investigated system    in a numerical computational 

scheme. By self-subtracting the time-delayed step responses  
1,5

( , )i i
k


H xH  we obtain a set of distributed 

impulse responses 

      
1,5

, , , 1i i i i
k k k


  H x H x H xG H H . (1) 

 

Fig. 4 Distributed transient characteristics for individual flow rate step changes; values taking negative sign’. 

 

Overall discrete-time distributed response of temperature field can be obtained as follows 

     
5 5

1 1

, , ( , )
i i i

i i

k k k U k
 

   Y x Y x H xG   (2) 

with   denoting discrete convolution. For each distributed transient characteristics, the highest-gain 

response is selected (dashed line, Fig. 4). For five cooling sections, there are five such 

points  
1,5i i

x x


   . For time courses in those points  
1,5

( , )i i i
H x k


H , Fig. 5a, let us now assign 

corresponding transfer functions  
1,5

( , )i i i
SH x z


. These functions represent the time dynamics of the 

distributed parameter system. Partial output responses in  
1,5i i

x x


    , i.e.  
1,5

( , )
i i i

Y x k


  can then be 

calculated as follows 

    
1,5

( , ) ,i i i i i i
Y x z SH x z U z


 . (3) 

To obtain dynamics components in space, reduced distributed transient characteristics in steady state 

  
1,5

,i i
HR xH  have been calculated from distributed transient characteristics as follows 

      
1,5

, , ,i i i i i
H x


  HR x H x H H H , (4) 
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where  
1,5

( , ) 0i i i
H x


 H , Fig. 5b. By means of reduced distributed transient characteristics we can 

calculate the overall steady-state response as follows 

  
(a)      (b) 

Fig. 5 Partial distributed transient (a) and reduced steady-state distributed transient characteristics (b) 

     
5

1

, , ,=
i i i

i

Y x


  HY x HR x . (5) 

Similarly, it is possible to introduce reduced distributed output responses as follows 

       
1,5

, , ,i i i ii i
k k Y x k


YR x Y x , (6) 

3. DISTRIBUTED PARAMETER CONTROL SYSTEM 

Having both time and space components of dynamics of the secondary cooling zone, we can design the 

discrete distributed parameter control loop for control of billet temperature field, Fig. 6. 

 

Fig. 6 Distributed parameter control scheme 

First, a step change in reference variable  ,W x  take place in the control system. The control goal in 

space is to minimize quadratic norm 
2

.  of distributed steady-state control error  ,E x . Next, 

approximation problem is being solved in block SS1, Fig. 6: 

   
5

1 2

min ( , ) , ,
i

i i i
W

i

W x


    HW x HR x . (7) 
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Similarly in block SS2, approximation problem is being solved, taking form as follows  

 
5

1 2

min ( , ) ( , ) ,
i

i i i
Y

i

k Y x k k


Y x YR x . (8) 

Solving such problems in a strictly convex normed linear space of distributed quantities we obtain the unique 

best approximants   
1,5

,
i i

i
W x


 ,  

1,5
( , )

i i
i

Y x k


, of reference and controlled variables in k-th time step and 

steady state, respectively. Relating   
1,5i i

U k


 with   
1,5

,i i i
Y x k


, the transfer functions  

1,5
( , )i i i

SH x z


 were 

introduced. Lumped input quantities are generated in one-parameter time control loops by means 

of    1,5i i
R z


 controllers, Fig. 7a. 

   
(a)       (b) 

Fig. 7 One-parameter lumped control loops (a), parallel cooperation of ProCAST and Simulink (b) 

7. CONTROLLED COOLING OF BILLET SURFACE IN SECONDARY COOLING ZONE 

Let the casting machine be in a given setpoint with steady-state temperature profile expressed in Fig. 8a by 

the green curve. In a linearized neighborhood of this state, let the control process take place such as to cool 

the billet uniformly by 30 °C, represented by reference variable  ,W x  and shown in Fig. 8a and 8b by the 

red curve. Simulation of the control process was realized in a cosimulation regime as in Fig. 7b, with 

simulation results depicted in Fig. 8a and Fig. 8b.  

 
(a)        (b) 

Fig. 8 Start (a) and finish (b) of cosimulation control in secondary cooling zone 

From technological point of view, using ProCAST gives us a better insight into the control process; after the 

temperature field of the billet surface reached steady state, liquid pool length shrank by 0.5 m approximately. 
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This shrinkage can be compensated by increasing the casting velocity, thus boosting the caster productivity 

if possible; (possibility being limited by furnace productivity), Fig. 9. 

 
Fig. 9 Liquid core shrinkage (section prior to unbending zone), comparison of steady-state temperature field 

before (below) and after the control process 

4. CONCLUSIONS 

Today’s advancement in computer and information technology causes new as well as revamped casting 

plants to be equipped with numerical on-line thermal models of the continuous casting processes. These 

models help plant managers and technologists to get better insight into the process, so to manage plant 

production closer to an optimal manner. By connecting these on-line thermal models with suitable control 

software environment as was presented in this paper via ProCAST-DPS Blockset cosimulation scheme, 

a new level of control possibilities emerges for control of secondary cooling zone in continuous casting. 
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Abstract 

The presented article deals with the design of the filtering tundish to be used on the Vacuum Pressure 

Induction Melting furnace (VPIM) and the numerical verification of the character of liquid steel flowing inside 

the tundish. The designed tundish must meet the dimensional limits of placement in the VPIM device and 

must be compatible for use in both vacuum and overpressure. The main benefits of the tundish consist of the 

separation of refining slag and filtration of liquid steel. In terms of metallurgical aspects, the internal shape of 

the tundish is designed by MAGMA software. This work is a part of "Regional Materials Science and 

Technology Centre" project No. CZ.1.05/2.1.00/01.0040, research program No. 6, entitled "Experimental 

verification of new technological procedures for metallic materials with higher quality parameters." 

Metallurgical laboratory will strengthen the base of MATERIAL AND METALLURGICAL RESEARCH Ltd. 

with the objective of more sophisticated research and development of metallurgical processes. 

Keywords: Induction furnace, tundish, steel, ingot casting 

INTRODUCTION 

MATERIAL AND METALLURGICAL RESEARCH Ltd. has a laboratory demonstrating melting device - 

Vacuum and Pressure Induction Melting device (hereinafter only VPIM).  

The restoration is implemented as a part of "Regional Materials Science and Technology Centre" project 

No.: CZ.1.05/2.1.00/01.0040. VPIM device was included in this project as a part of the built "Laboratory for 

experimental verification of production technology of new materials“(hereinafter the "Metallurgical 

Laboratory") at MATERIAL AND METALLURGICAL RESEARCH Ltd. 

The modernized VPIM device is also built for the purpose of research and development and physical 

simulation of technologies of production of molten metals on large metallurgical plants. It is assumed that 

the equipment will be able to simulate selected metallurgical operations. VPIM device will further allow 

controlling of purity of molten metal during its casting using the installed ceramic filters.  

As a part of this work, a design is drawn up of the new tundish for VPIM device. Transport of molten steel 

from the induction melting device crucible into the sprue holes of the casting assembly using the designed 

tundish. Since the sprue pin is placed outside the VPIM outlet axis, development of asymmetrical ladle 

was decided particularly with the following objectives: 

 to transport of the steel from the VPIM crucible into the casting kit for bottom casting 

 to separate slag from steel 

 to support inclusion flotation and secure contingent filtration of steel by a ceramic filter.  
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1. DESIGN OF TUNDISH 

Up to this day, a number of works have been published dealing with the studies of parameters of tundish ladles 

(particularly concerning tundish ladles for CCM), character of flow in them, removal of nonmetallic inclusions, 

temperature modes, etc. Compared to the mentioned tundish ladles for CCM, the design has several different 

features: 

 the external shape of the tundish ladle must not exceed the internal spatial limits of the VPIM caisson, 

 sufficient area needs to be secured for falling of the metal from the furnace crucible, 

 the outlet from the tundish needs to be spatially fixed to the inlet into the casting assembly, 

 the internal shape of the tundish should maximally support removal of nonmetallic inclusions from 

steel. 

1.1. Tundish external shape  

Fig. 1 spatial limits binding for dimensions of the tundish external shape. Red colour marks the caisson shell, 

induction furnace body and crucible spout. Green colour marks the possible outline of the considered tundish 

placed under the crucible spout. With regard to the internal arrangement of the caisson, the tundish has a 

trapezoidal shape. The maximum external dimensions of the trapezoidal tundish are 850 mm long, 750 mm 

wide and 450 mm high. 

1.2. Tundish internal shape 

In case of large tundishes (particularly CCM tundishes), there is a number of ways of directing the flow of liquid 

steel to support removal of nonmetallic inclusions. The character of flow is affected particularly by the internal 

shape of the tundish ladle and tundish equipment (dam, weirs, baffle, filters). The summary publication [1] deals 

with the possibilities and advantages of the placement of the mentioned tundish equipment on the flow 

character and support the flotation of non-metallic impurities. 

Fig. 1 includes even the basic fixed 

data for creating of the tundish internal 

shape. The first fixed spot is the impact 

area of the steel flow. The yellow line 

marks the axis of the furnace spout, i.e. 

the assumed direction of flow of steel 

during tapping. The second fixed point 

is shown by the blue cross. It is the 

place where the tundish nozzle is 

placed. From here the metal flow goes 

to the sprue pin, sprue holes, and finally 

into the actual mould. Fig. 2 shows the 

basic internal shape of the tundish 

consisting of the impact area (called 

"area 1") which must be large enough to 

cover the whole area of impact of the 

casting stream, which changes in time 

due to the movement of the furnace 

outlet (when the furnace is tilted) and 

the intensity of the molten metal flow. 

The impact area is adjoined by the Fig. 1 Illustrations of space possibilities of tundish design 
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"channel" (called area 2) which leads the stream of steel towards the nozzle placed above the sprue pin. 

Moreover, the whole internal area of the tundish is inclined towards the nozzle. Area 2 is designed so as to 

support maximally the flotation of inclusions and slag droplets. 

 

Fig. 2 Specification of tundish zones  Fig. 3 Final internal shape of tundish 

Ceramic strainers and filters help to reduce particularly the number of non-metallic inclusions and emulsified 

slag in steel. They are placed mostly in the inlet as close as possible to the casting to eliminate also the 

inclusions released from the casting kit. 

The internal equipment of the actual tundish for the VPIM device was designed using a dam and offset weirs 

and subsequently even a filter. It is assumed that the combination of the dam and offset weirs (siphon shaped) 

will result in separation of furnace slag even in the impact area. Offsetting of weir should according to 

assumptions result in directing the flow after the weirs towards the molten metal surface, which should result in 

separation of coarse inclusions and the fine particles of emulsified slag.  

The last stage of steel "purification" is implemented by the filter above the nozzle. There is a whole range of 

types and possibilities when positioning filters and sieves.  

A sufficient filter area needs to be secured for steel filtration corresponding to the capacity of the VPIM crucible 

(1750 kg). One of the possibilities is the placement of a vertically positioned plate filter in the channel, or 

placement of a tubular filter above the nozzle. With the metal level at 20 cm, the plate filter should have the 

filtration area of ca 400 cm2. With the same metal level, a tubular filter with the internal diameter 8 cm has the 

filtration surface of ca 1000 cm2. Placement of the filter is also affected by the spatial possibility of filter 

placement. In case that the plate filter is selected, the weirs and the dam and also the mentioned ceramic filter 

would have to be placed in the area between the nozzle and the impact area. For these reasons (lack of space 

and a greater area of the filter) it was decided that a tubular foam filter would be used.  

Ceramic filters are used particularly for reducing the number of non-metallic inclusions and further for steel flow 

control. In case this is possible, it is preferred that the filter is as close as possible to the casting [2]. 

The authors of the article [3] dealt with the efficiency of removal of non-metallic inclusions depending on the 

shape and equipment of the tundish. Large inclusions from 75 to 150 m are removed particularly by flotation. 

This way, ca 30 % of large inclusions are removed. On the other hand, small inclusions from 25 to 40 m are 

removed by sticking to tundish walls. This way, up to 50 % of small inclusions are removed. The author of 

publication [4] states that only 10 % of inclusions smaller than 20 µm are removed by flotation. 

A
re

a
 1

 

Area 2 
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The authors of the article [5] tested ZrO based foam ceramic filters on 718 Nickel molten alloy and FV458 

martensitic stainless steel, i.e. metals very similar to the production range of MMV. In case of the given molten 

metals, the filter successfully reduced the numbers of particularly oxide inclusions smaller than 10 m. 

The resistance of filters (and heat resistant materials in general) at temperatures exceeding steel liquids is a 

very important parameter. A number of scientific teams deal with the heat-resistance of heat-resistant materials 

such as [6]. 

2. NUMERICAL VERIFICATION OF FLUID FLOW IN THE TUNDISH 

Today's research of the character of flow in metallurgical reactors is currently based particularly on process 

simulation methods. These are especially physical simulations on cold water models (i.e. [7]) and numerical 

simulations using special software (i.e. [8]).  

Simulation of real processes allows not only the possibility of understanding the character of flow but also the 

possibility (based on the obtained results) to adjust the existing equipment as necessary but also to design 

completely new equipment before it is put into operation. The process of designing a new tundish by means of 

physical and numerical simulation is described by authors of article [9]. A comprehensive view of tundish 

design is provided by the summary article [10]. In his article, Mazumdar pays special attention to tundish for 

continuous casting machines. He assesses the success rate of individual solutions using particularly C and F 

curves. 

2.1. Flow nature in selected parts of the tundish 

An experiment was 

conducted within 

MATERIAL AND 

METALLURGICAL 

RESEARCH Ltd. 

consisting in using 

MAGMA software 

for numerical 

simulation of steel 

flow character and 

flotation of 

inclusions and 

emulsified slag in 

the tundish 

designed in chapter 

1. 

Fig. 4 illustrates 

velocity array in the 

area 1 complemen-

ted with flow vectors 

in the tundish 

impact area. Particularly in terms of volume, there are some areas apparent just before the flow impact with 

lower flow speed volumes. Conversely, at the place of impact there is an intensive flow and turbulence activity 

and after the impact, a significant recirculation of molten metal occurs. At the place of metal impact, there is an 

increased risk of slag emulsification and the following introduction of slag droplets by the metal into the 

following part of the tundish (area 2). 

Fig. 4 Fluid flow in zone 1 
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Fig. 5 shows molten metal flow from area 1 to area 2 and the subsequent behaviour of molten metal in area 2. 

Vectors describing the direction of flow behind weirs and dam are directed towards molten metal surface, which 

confirms the assumption stated in article 1.2 regarding the direction of steel flow after the weirs and dam, when 

the ascending flow of molten metal supports flotation of tiny particles of emulsified slag and coarse inclusions. 

Fig. 5 shows slowing of steel flow in the foam filter. Deceleration is represented by flow resistance given by the 

filter.  

 

Fig. 5 Fluid behaviour in zone 2. 

2.2. Inclusion and slag particles removal 

As a part of carried out numerical simulations, behaviour of inclusions and emulsified slag in the designed 

tundish was examined using MAGMA software. It needs to be highlighted that substantial simplification of the 

complex process of inclusion removal occurred. Inclusions and emulsified slag were for simplicity's sake 

defined as tracers. Only size and density properties were assigned to them. Large inclusions were defined as 

100 µm.  

The simulation results show that the greatest risk of introduction of furnace slag into area 2 is at the beginning 

of casting at the time when the metal level in the tundish is not up to the offset weirs. 

In case of large inclusions, there is a possibility that a minimal number of them pass through the weir and the 

dam. In case that these large inclusions pass through the weir and the dam, the flow of steel directed upwards 

after the weirs and the dam facilitates their flotation.  

To minimize the intrusion of small inclusions into the casting kit a tubular filter is used as the last element 

placed above the nozzle to the casting kit. The density of pores of the tubular filter was defined as 10 ppi. 
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Fig. 6: Inclusion behaviour during pouring of steel 

3. CONCLUSIONS 

As a part of this work, a tundish was designed with intention for application on the caisson of the VPIM device. 

The tundish was designed with regard to the limited spatial placement in the caisson and its internal shape was 

designed to allow transport of steel into the casting kit but also to serve as a refining tundish increasing the 

purity of the produced metal. 

The purity of metal will be achieved by the application of the weir and the dam and also the tubular filter placed 

above the tundish nozzle. 

Basic assumptions of steel flow control in the tundish were verified using a numerical simulation method in 

MAGMA software for the purpose of maximum support of flotation of emulsified slag and nonmetallic inclusions 

before the actual implementation of tundish production. 
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Abstract  

This paper deals with the possibility of prediction of solidification temperature of steel on the base of the 

description of (micro)segregation processes using selected microsegregation models. Two models of non-

equilibrium crystallization are considered: the model with fully suppressed diffusion in the solid phase 

(Scheil's model) and the model with partial diffusion in the solid phase (Brody-Flemings' model). Original 

experimental data obtained from microanalytical measurements on samples of real steels were used for 

calculations and also the findings obtained at the modeling of microsegregation processes in steels. The 

results are compared with the solidus and liquidus temperatures calculated according to the relationships 

given in the available literature and with the liquidus and solidus temperatures obtained experimentally by 

DTA. Conclusions about the influence of microsegregation processes and influence of chemical composition 

on the solidification temperature of steels are stated.  

Keywords: Solidification temperature, microsegregation, solidus temperature, liquidus temperature. 

1. INTRODUCTION 

Solidification phenomena play a major role in such operations as casting, crystal growth and welding. 

Solidification proceeds at various rates, which are sometimes far from equilibrium. Thus, the microstructure 

obtained is generally not homogenous. Microsegregation is caused by redistribution of solute during 

solidification, as solute is generally injected into the liquid. Its fundamental cause is the difference between 

the thermodynamic equilibrium solubility of alloy elements in the different phases that coexist in the mushy 

region during solidification [1].   

Dendritic structures are the most frequently formed microstructural morphologies of solidified alloys. 

Dendritic growth behavior is an important event during liquid-solid phase transformation, which intensively 

influences the subsequent solidification, and even determines the final structure and properties of the alloy. 

Different solidification temperature ranges may be responsible for the different solidification modes [2]. 

The purpose of the present work is to introduce simple methods for calculation and prediction of the 

temperature distribution during solidification, i.e. in the bounds of one “average” dendrite. In these methods, 

both the effect of solute segregation and the effect of multiple components are taken into account. 

2. THEORETICAL BACKGROUND 

Simple analytical mathematical models are often used for description of microsegregation behavior of a 

solute at the non-equilibrium crystallization. The heart of most simple microsegregation models is the 

assumed relationship between alloy concentration and solid fraction. The Scheil's model [3,4] assumes the 

state with no diffusion in the solid phase, perfect mixing of a solute in a melt and directional solidification: 

                                         (1) 
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Brody a Flemings [5] have proposed a model that assumes complete diffusion in the liquid phase, 

incomplete back-diffusion in the solid phase and thermodynamic equilibrium at the solid-liquid interface: 

                                     (2) 

In the Eqs.(1) and (2): CS is the solid concentration of a given solute element at the solid-liquid interface, C0 

is the initial liquid concentration, k is the equilibrium partition coefficient for that element, fS is the solid 

fraction, and α is the back-diffusion parameter (the Fourier number for a given solute element).  

On the assumption of a straight liquidus line in the equilibrium phase diagram the dependence of the liquidus 

temperature (TL) on a solute element concentration can be expressed as:  

                           (3) 

where TM is the melting point of pure iron and m is the slope of the liquidus line of a solute element in the 

pseudobinary Fe-solute element phase diagram.  

By combining Eqs.(1) and (3) and/or Eqs.(2) and (3) the relationship between the temperature  and the solid 

fraction for the given solute element is given. This follows from the Scheil's model: 

             (4) 

and this follows from the Brody-Flemings' model: 

           (5) 

It follows from the Eqs. (4) and (5) that for fS = 0 → T = TL and for fS = 1 → T = TS. 

3. EXPERIMENT 

The previously measured concentration data sets [6] were used for description of temperature distribution at 

dendritic crystallization. Concentration data were measured at the samples taken from the cross-section of a 

continuously cast steel billet. Chemical composition of steel in wt.% (only main elements): 0.806 C, 0.64 Mn, 

0.20 Si, 0.011 P, 0.09 S. At each sample the concentrations in 100 points were measured along the line 

of 1000 µm long; altogether four elements were analyzed: carbon, manganese, silicon and phosphorus. 

A microanalytical complex JEOL JXA-8600/KEVEX Delta V - Sesame was used for microanalysis and the 

wave dispersing X-ray spectral method. Description of the experiment is given in [7] in detail. Concentration 

data sets measured in the sample A11 have been used for calculations in this paper, see Figs. 1 and 2. 

  

Fig. 1 Experimentally measured data Fig. 2 Distribution curves of dendritic segregation 
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4. RESULTS AND THEIR DISCUSSION 

Fig. 3 presents the influence of the individual elements segregation on temperature distribution at 

solidification within the bounds of one "average" dendrite. That means from the core of the dendrite (fS = 0) 

to the boundary between two adjacent dendrites (fS = 1). The temperature distribution was calculated under 

the assumption that microsegregation of the given element during solidification could be described by the 

Scheil's model (Eq. (4), the dashed lines in the Fig. 3) or by the Brody-Flemings' model (Eq. (5), the solid 

lines in the Fig. 3). We can see from the Fig. 3 that phosphorus shows the greatest influence on the 

decrease of temperature at the end of solidification, carbon has also great influence. Influence of manganese 

and silicon on decrease of the temperature in the course of solidification is not so big. 

 

  

Fig. 3 Influence of the segregation of individual 

elements on the temperature distribution 

Fig. 4 Calculated temperature distribution within the 

bounds of one dendrite 

 

Fig. 4 presents the calculated temperature distribution at solidification within the bounds of one "average" 

dendrite. The value of temperature for each solid fraction point was calculated as a weighted mean from the 

temperatures of individual elements (C, Mn, Si and P, Fig. 3) for the same solid fraction point. We can see 

from Fig. 4 that the assumption of no diffusion in the solid phase (Scheil's model) decreases the value of 

temperature at the end of solidification significantly more than the assumption of partial diffusion in the solid 

phase (Brody-Flemings' model). Two pairs of curves in Fig. 4 differ in the liquidus temperature TL that is 

input into Eq. (4) and/or (5). The liquidus temperature was calculated according to the empirical relation 

given in [8] either from the heat composition (the higher values of the calculated temperatures in Fig. 4) or 

from microanalytically measured concentrations of the four analyzed elements (the lower values of the 

calculated temperatures in Fig. 4).  

Summary of the calculated liquidus TL and solidus TS temperatures, it means the temperatures for fS → 0 

(TL) and for fS → 1 (TS) in the Fig. 4 is given in the first five columns of Table 1. In Table 1 these results are 

compared with temperatures calculated according to the empirical relations given in [8] and by commercial 

software IDS. Liquidus and solidus temperatures experimentally measured by DTA method at our 

department are also given in Table 1 (take notice of different chemical composition of investigated steel). It 

is obvious from Table 1 that our results are comparable with the results calculated (measured) by other 

methods. It follows from Table 1 and Fig. 4 that the assumption of no diffusion in the solid phase (the 

Scheil’s model) gives higher differences in the liquidus and solidus temperatures than the assumption of 

partial diffusion in the solid phase (the Brody-Flemings’ model). It is also evident from the first seven columns 

of  Table 1 that the temperature differences between the liquidus and the solidus temperatures ΔT are 

higher for calculations taking into account the experimentally measured concentrations (sign “microanalysis” 

in Table 1). Calculations taking into account the heat composition show lower values (sign “heat” in Table 1).  
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Table 1 Temperatures TL and TS (in °C) calculated according to the Eqs. (4) and (5) for fS = 0 (TL) and fS = 1 

(TS), according to the relations given in [8], by software IDS and experimentally measured by DTA-

method 

 
Scheil 

(heat) 

Brody-

Fl. 

(heat) 

Scheil 

(micro-

analysis) 

Brody-Fl. 

(micro-

analysis) 

Ref.[8] 

(heat) 

Ref.[8] 

(micro-

analysis) 

IDS 

(heat) 
DTA*) 

Ref. [8] 

(residual 

concentrations) 

TL 1460 1460 1448 1448 1460 1448 1469 1459 1448 

TS 1327 1378 1295 1353 1364 1337 1343 1341 1349 

ΔT 133 82 154 95 96 111 126 118 99 

*) Note to Tab.1: Chemical composition of the steel measured by DTA (in wt.%, main elements): 0.606 C, 

0.39 Mn, 0.80 Si, 0.021 P, 0.006 S. 

 

Calculation of temperature distribution according to the Eq. (4) or (5) requires knowledge of the partition 

coefficient k and the back-diffusion parameter α for each element. In this paper the effective values of both 

parameters were determined by original mathematical models [9, 10] from experimentally measured 

concentration data sets given in Fig. 2. It is not always possible to estimate the values of these parameters 

for all analyzed elements. In this case the so-called method of residual concentrations can be used.  

The original method of residual concentration issues from the following assumptions: Experimentally 

measured concentration data are available for the given elements (e.g. data sets given in Fig. 1). These data 

are then arranged in ascending or descending order (in dependence on the direction of segregation) and 

each number of measurements is transferred into the corresponding solid fraction (see Fig. 2). Next 

assumption is that in steel, the solubility for most alloying elements is higher inside the melt than inside the 

forming solid. These elements are rejected from the solid phase during the solidification process and their 

content increases continuously in the liquid phase (the melt). Perfect mixing of a solute in a residual melt is 

further assumed. Under these assumptions it is possible to calculate the average concentration of the 

element in the residual melt, i.e. in the residual part of the curve in Fig. 2 (for ): 

             (6) 

where n is the number of the measured points. The calculated residual concentrations of C, Mn, Si and P in 

the melt in dependence on the solid fraction are presented in Fig. 5. 

The temperature distribution during solidification can be then calculated from these residual concentrations 

according to the formula: 

                        (7) 

where TM is the melting point of pure iron, mi is the slope of the liquidus line of the element i in the 

pseudobinary Fe-solute element phase diagram and n is the number of analyzed elements. Calculated 

temperature distribution during solidification is given in Fig. 6. In this case only four elements (C, Mn, Si and 

P) were taken into account because the measured concentration data sets were available only for these 

elements. The values of the parameter mi were adopted from the literature [8]. Boundary values of the 

calculated temperatures in Fig. 6, i.e. for fS → 0 (TL) and for fS → 1 (TS), are given in the last column of 

Table 1. 
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We can see from Table 1 that the values calculated by the method of residual concentration are consistent 

with the values calculated from the microanalytically measured concentrations under the assumption of 

partial diffusion in the solid phase and (see column “Brody-Fl. (microanalysis)” in Table 1).  

  
Fig. 5 The calculated residual concentrations of 

analyzed elements 

Fig. 6 Temperature distribution during solidification 

calculated from the residual concentrations 

        

It must be taken into account at interpretation of the results that our calculations are based on the 

concentration data sets measured on a totally solidified sample. Therefore, the results (calculated 

temperature distribution, the solidus and the liquidus temperatures) include not only the process of 

crystallization but also the process of homogenization below the solidus temperature. For this reason the 

calculated values of the solidus temperature can be higher than the real solidus temperatures and the 

difference between the calculated liquidus and solidus temperatures is then smaller than at the real process. 

It follows from the above mentioned that the presented methods of application of microanalytically measured 

concentration data sets for calculation of temperature distribution during solidification are suitable for 

castings and blanks of smaller dimensions (short time for homogenization).        

5. CONCLUSIONS 

Influence of segregation processes on the temperature distribution during solidification has been studied in 

the presented paper. Two models of non-equilibrium crystallization have been considered for description of 

the microsegregation behavior of a solute: the model with no diffusion in the solid phase (the Scheil’s model) 

and the model with partial diffusion in the solid phase (the Brody-Flemings’ model). Original experimental 

concentration data sets of four elements (C, Mn, Si and P) measured on the sample of real steel have been 

used for calculation. Influence of segregation of individual elements on the temperature distribution at 

solidification within the bounds of one "average" dendrite has been determined for both assumptions - none 

and partial diffusion in the solid phase (Fig. 3). Then the temperature distribution at solidification within the 

bounds of one "average" dendrite has been calculated (Fig. 4), the effect of multiple components has been 

taken into account.  

Furthermore, the original method of residual concentration has been developed. This method enables 

calculation of solute concentration in the residual melt at crystallization within the frame of one “average” 

dendrite. The residual concentrations of C, Mn, Si and P in the melt in dependence on the solid fraction have 

been calculated using the microanalytically measured data (Fig. 5). Then the temperature distribution during 

solidification has been calculated from these residual concentrations (Fig. 6). 

It has been found out that: (i) phosphorus and carbon have the greatest influence on the decrease of 

temperature at the end of solidification, (ii) the assumption of no diffusion in the solid phase (the Scheil's 

model) decreases the value of temperature at the end of solidification significantly more than the assumption 
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of partial diffusion in the solid phase (the Brody-Flemings' model), (iii) our results are comparable with the 

results calculated (measured) by other methods, (iv) the results calculated by the method of residual 

concentration are consistent with the values calculated under the assumption of partial diffusion in the solid 

phase, (v) the results based on concentration data experimentally measured on a totally solidified sample 

include not only the process of crystallization and segregation but also the process of homogenization below 

the solidus temperature.   
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Abstract  

Knowledge of solidus and liquidus temperature is especially critical for correct setting of processes 

associated with the production and especially casting of steel. Generally, steel is multicomponent melt 

containing a wide range of non-metallic phases. So, accurate determination of these temperatures is a 

considerable difficult. Nowadays, there are many ways to detect these temperatures. The utilisation of a wide 

range of existing empirically defined or thermo dynamical calculations are some of them. In addition to 

individual patterns reported in various literature and often focusing on specific steel grade, there are also 

sophisticated and often universal thermodynamic database in the form of professional software packages. 

This paper is devoted to the comparison of theoretically defined solidus and liquidus temperatures based on 

above mentioned theoretical methods with the results of high-temperature thermal analysis carried out on 

two devices (Netzsch STA 449 F3 Jupiter; Setaram SETSYS 18TM). On large samples (23 g), the method of 

direct thermal analysis was applied. On small samples (200 mg), the experiments using differential thermal 

analysis were realized. 

It was found out that the solidus and liquidus temperatures for the studied steel grade can vary in 

dependence on the used determination method. The used methodology of thermal analysis is fully 

reproducible, and the these thermo-analytical results can be considered as necessary for the correct setting 

of critical parameters in applied research on the process of steel casting. 

Keywords: steel, solidus temperature, liquidus temperature, thermal analysis, calculations 

1. INTRODUCTION 

Steel production is one of the most important industries. Optimization of any crucial parameters of 

metallurgical technology should leads to significant lowering of production cost and to better quality of steel 

products. It is necessary to succeed in tough competition. 

In the refining processes, optimizing the slag regimes [1], thermal and chemical homogenization of the melt [2] or 

filtration of steel [3] is very important to solve. Works toward optimizing the process of solidification of heavy forging 

ingots [4] are currently being implemented in the casting and solidification of steel studies. 

The methods of study of metallurgical processes are also based on knowledge of thermodynamic properties 

of materials occurring in a given technology nodes. Knowledge of solidus and liquidus temperatures of the 

studied steels is one of the most important factors - especially in dealing with the processes involved in the 

casting and solidification. These temperatures are critical parameters for proper adjustment of models 
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(physical or numerical) or in the final stage of applied research of the real process. It is significantly affecting 

the final quality of the as-cast steel (billets or ingots). 

Therefore, this paper is devoted to discussion of findings obtained during the utilization of dynamic thermal 

analysis methods [5- 8] to identify the solidus and liquidus temperatures of selected steel grade. Generally, it 

is not so easy to identify the phase transformations occurring in such multicomponent systems like steels [9-

12]. 

2. USED THERMO-ANALYTICAL METHODS AND ANALYSED STEEL 

New Laboratory for Modelling of Processes in the Liquid and Solid Phases within the project Regional 

Materials Science and Technology Centre (RMSTC) was formed at the Faculty of Metallurgy and Materials 

Engineering at the VSB-Technical University of Ostrava in Czech Republic. 

This Laboratory has also acquired new equipment for high-temperature thermal analysis - Netzsch STA 449 

F3 Jupiter (Fig. 1). The conditions for initiation of intensive research activities in the field of dynamic thermal 

analysis methods for steel are based on years of experience of team members with the issue of laboratory 

studies of metallurgical processes and the ability to use other equipment of this type - Setaram SETSYS 

18TM (Fig. 2) create. 

This paper discusses methods and results of thermal analysis of samples (Table 1) taken from the grain 

oriented electrical steel, with very low carbon content (0.04 wt. %) and high content of [Si] = 3 wt. %.  

Table 1 Steel samples with dimensions specified for each analysis 

Sample for 

method: 
NETZSCH STA 449 F3 Jupiter SETARAM Setsys 18TM 

Dimensions: 

 Ø14 mm 

2
0

 m
m

 

 

 

Two methods for dynamic thermal analysis were used to measure the solidus (TS) and liquidus (TL) 

temperatures: 

 Differential Thermal Analysis (DTA) - Setaram SETSYS 18TM, 

  

Fig. 1  Netzsch STA 449 F3 Jupiter Fig. 2 Setaram SETSYS 18TM 
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 Direct Thermal Analysis - Netzsch STA 449 F3 Jupiter. 

The principles of both methods are described for example in [13].  

Both above mentioned dynamic thermal analysis methods were used to determine the TS and TL close to 

equilibrium in the frame of studied grain oriented electrical steel grade. 

Three direct thermal analysis was realized on the big steel samples (about 23 g) and the TS and TL were 

obtained by analysing of the heating curves (heating rate 30 °Cmin-1). The four measurements for close to 

equilibrium TS and TL temperatures were also realized by differential thermal analysis on small steel samples 

(about 200 mg) during their heating by heating rate 10 °Cmin-1). Liquidus temperatures were then corrected 

according to generally accepted methods [14]. Measured TS and TL are summarized in the Table 2. 

Table 2 Experimental settings and measured TS and TL for close to equilibrium conditions 

Method, Measurement No. Sample mass [mg] 
Heating rate 

[°Cmin-1] 
TS [°C] TL [°C] 

Direct thermal, 1 22 913.3 

30 

1 476.0 1 496.7 

Direct thermal, 2 23 691.2 1 475.3 1 497.0 

Direct thermal, 3 23 539.4 1 477.8 1 493.4 

DTA, 1 198.3 

10 

1 480.8 1 495.5 

DTA, 2 206.4 1 481.1 1 495.9 

DTA, 3 205.6 1 481.0 1 498.5 

DTA, 4 207.9 1 480.5 1 496.4 

Based on data in the Table 2, it can be stated that there is low variability between individual results for close 

to equilibrium temperatures (standard deviations: 2.5 °C for TS and 1.6 °C for TL) independently on used 

method and mass of samples. It means that methodology of measurement is set correctly and results are 

fully reproducible. Based on mean values, the TS and TL were for selected steel grade were identified:  

1 479 °C and 1 496 °C. 

3. CALCULATION OF LIQUIDUS AND SOLIDUS TEMPERATURES 

The calculation of liquidus (TL) and solidus (TS) temperatures of above mentioned steel grade were done by 

commonly used equations [15-24] and also CompuTherm software. The equations are based on the effect of 

contents of selected elements (% weight of element) in the steel on final liquidus/solidus temperatures.  

The different elements and their multiples are taken into account in individual calculations. Some equations 

include only effects of some elements. On the other hand, some equations include the higher number of 

elements. In some cases, this fact can lead to the substantially different calculated values of TS and TL. The 

discussion about limitations of mentioned and generally used equations is out of range of this paper.  

The CompuTherm SW is able to calculate both studied temperatures. It is possible to choose two micro-

segregation models (Scheil or Lever). In the case of “Lever”, the Lever Rule is applied, which corresponds to 

a complete mixing of the solute in the solid (i.e. very good diffusion in the solid). On the other hand, the 

Scheil model corresponds to no diffusion model at all in the solid phase (both model consider complete 

mixing of infinite diffusion in the liquid). The “Back Diffusion” model allows for some diffusion in the solid and 

corresponds thus to a situation in between the Lever Rule and Scheil. When the “Back Diffusion” model is 

used, an average cooling rate (corresponding to a representative cooling rate of the casting to be modelled) 

should be specified in order to determine the amount of back diffusion. For iron and carbon steel, the Lever 

rule is still recommended [25].  
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The CompuTherm Fe-rich alloys database has defined limitations in the chemical composition and 

recommended composition limits for them [26]. It was selected the Lever rule (without Pb, Sn, As, Zr, Bi, Ca, 

Sb, B, N content) for determination of TL and/or TS in the frame of this paper. 

4. RESULTS AND DISCUSSION 

Based on above described methods of thermal analysis, equations and calculation realized in CompuTherm 

SW, the liquidus temperatures for selected industrially produced steel were determined (Fig. 3). It can be 

seen that some variability between obtained TL values exists. Because, the TL values obtained by thermal 

analysis (TA) - DTA/Direct TA measurements - were determined from the real steel samples based on 

standardized methodology, it can be stated that thermal analysis results are the most accuracy to the real TL 

of studied industrially produced steel. So, the thermal analysis results are used like core values for the next 

comparing. 

Source/
Method 

For TL [°C] 
 

 

 

Calculated / 
Measured 

Calculated 
versus TA 

 

 

[15] 1491 -5  

[16] 1486 -10  

[17.1] 1495 -1  

[17.2] 1504 8  

[18] 1504 8  

[19] 1487 -9  

[20] 1508 12  

[17.3] 1506 10  

[17.4] 1505 9  

[21.1] 1509 13  

[22.1] 1461 -35  

[23] 1378 -118  

[24] 1496 0  

SW 1492 -4  

TA 1496 X  

Fig. 3 Liquidus temperatures for the studied steel grade determined by equations, CompuTherm and 

thermo-analytical methods 

Data (TL) based on selected equations differs from the thermal analysis results from 0 to 35 °C, and there is 

also one extreme difference 118 °C when equation from [23] was used. Although, it is possible to determine 

the best fit of TL base on calculation by equation [24] for this steel grade, it would not be possible without 

performing experiments of thermal analysis. Moreover, as presented in previous work [27], for other steel 

grades, which are not subject of this paper, the agreement of calculated results with TA measurements 

varying and no ideal equation was found for all 5 studied steel grades with [27] dissimilar chemical 

compositions. If the CompuTherm calculation (SW symbol in Fig. 3) is compared with thermal analysis data, 

the difference in TL is 4 °C. It can be postulated that result reached by CompuTherm is very close (unlike 

most of equations) in comparison with the thermal analysis core measurements for studied steel. 
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The solidus temperatures for studied steel grade were obtained by solving only equations from [21, 22] and 

by CompuTherm SW thermo dynamical calculation (SW) and by thermal analysis methods - results and 

comparison in Fig. 4. 

Source/
Method 

For TS [°C] 
 

 

 

Calculated 
/ Measured 

Calculated 
versus TA 

 

 

[21.2] 1482 3  

[22.2] 1431 -48  

SW 1431 -48  

TA 1479 X  

    

Fig. 4 Solidus temperatures for the studied steel grade determined by equations, CompuTherm and thermo-

analytical methods 

Opposed to the liquidus temperatures, Fig. 4 shows that there are bigger differences between TS calculated 

by equations [21, 22] and by CompuTherm SW with thermo analysis results, from 3 to 48 °C. The reason of 

such great differences between TA measurements and SW result could be connected with specific (high) 

content of silicon in this steel grade. 

5. CONCLUSIONS 

The methods for determination of solidus and liquidus temperatures for selected steel grades were 

compared in the frame of this paper. Two methods of thermal analysis were used (DTA and direct thermal 

analysis). Generally known equations as well as thermodynamic database software CompuTherm for solidus 

and liquidus temperatures calculations were used too. 

Based on obtained results and its comparison can be stated next conclusions: 

 Both applied thermo-analytical methods led to fully comparable and reproducible results. 

 It is not easy to find the best equation from the literature to compute solidus and liquidus temperatures 

those should be equivalent to thermo-analytical measurements of real steel samples. The realisation 

of thermo-analytical measurements is necessary for choice the best fit equation. 

 The thermodynamically calculated (by CompuTherm) liquidus temperature is comparable with 

measured one. 

 Generally, the determination of correct solidus temperature by calculations and by thermo-analytical 

methods is harder than for liquidus temperature. 

The best possible way of optimisation of metallurgical process of steel casting could be the obtaining of 

theoretical values of crucial parameters such as temperatures of liquidus and solidus temperatures and their 

verification by experimental measurements, followed by simulations and afterwards the implementation to 

the real casting process. 

Based on presented results and huge interdisciplinary cooperation between university and industrial partner, 

the new more complex project “Research and development in the field of numerical and material analysis of 

steel solidification with application output in the optimization of the continuous casting technology at 

innovative dimensions of billets” was prepared and will be realised in period 2013-2016. 
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Abstract   

Utilization of biomass as a carbon neutral is an attractive for ironmaking, so many different ways of its usage 

should be tried to mitigate CO2 emissions. Wooden biomass content from 1 to 5 % was used in laboratory 

coking furnaces as a possible renewable source of carbon instead of high volatile coal. Sawdust, crushed 

corn, bark and charcoal were evaluated in laboratory sinter pot device as a possible replacement of ordinary 

fine coke in sinter mixture. Total fuel amount was changed from 10 to 40 % in individual charges. Sintering 

time was shortened; productivity grew up, amount of returned sinter decreased. Replacement of fine coke by 

biomass is advantageous while quality parameters of produced sinter were not significantly deteriorated.  

Keywords: biomass, carbon dioxide, coke, sinter 

1. BIOMASS POTENTIAL FOR IRONMAKING 

Greenhouse gases (GHG), especially carbon dioxide (CO2), methane (CH4) and human activity leads to 

increases emissions and subsequently causes global warning. Carbon footprints are defined as sum of GHG 

emission caused by organization, event, product or person [1]. Steel sector is responsible for max.10 % of 

global GHG emissions if indirect emissions are taken into account. The most common way to reduce the 

carbon footprint is to reduce, reuse and recycling. Therefore biomass is one of promising sources for 

metallurgy, too. Sintered ore produced about 0.2 tonnes of CO2 equivalent per tonne of product. Coking 

produced 0.5-0.3 tonnes of CO2 equivalent per tonne of product [2]. The steel industry in Brazil where are 

large deposits of high quality iron ore and present an interesting feature, which is the existence of a charcoal 

based pig iron production. There are 85 companies, which operate more than 160 mini blast furnaces (MBF) 

using renewable green energy instead of fossil fuels (coke/coal dust). Charcoal fines are injected into coke 

based Blast Furnace (BF) tuyere, charcoal is used as a part of burden, as well as “charcoal pig iron” into 

EAF and BOF´s. For this type of char coal utilization it is needed to perform additional studies concerning the 

phenomena involving the ashes and unburned char in the raceway, necessity for innovations in the design of 

tuyeres, effect of volatile matter on combustion efficiency [3]. MBS basically produces export oriented 

merchant pig iron [4]. The char coal based MBS presents some peculiarities like typical inner volume lower 

than 350m3, usage of small fractions of lump hematite type ores and char coal as reductant. The installed 

capacity of the independent producers is about 15 million tons of pig iron. The MBS produced 5.8 million 

tons in 2010 year, world crisis hit hard this iron sector and now it is slowly recovering. The excellent tropical 

climate, with high rainfall and daily sunlight ensures Brazil the greatest world competitiveness of planed 

eucalyptus forests. It takes 2.5 m3 of charcoal consumption for one of ton pig iron [5]. Carbon in integrated 

iron and steel production is necessary in the reduction of magnetite or hamatite type iron ores. Reduction 

process is well described in [6,7,8] First, hematite (Fe2O3) is reduced by carbon monoxide (CO) to magnetite 

(Fe3O4 or Fe2O3.FeO). Magnetite is than reduced by carbon monoxide to wűstite (FeO or Fe1-xO). Finally 

wűstite is reduced by carbon monoxide to metallic iron (Fe). In each step CO2 is also a reductant product. 

The energy in the blast furnace process comes from the partial coke combustion or coal fuel injected at 

tuyere. These produced carbon monoxide 2C(s) +O2 (g) = 2CO (g) + energy. Decreasing the energy 

intensity of the process is an approach, which could decrease carbon footprint of the process. Alternative is 

to use renewable and carbon neutral fuels like biomass. Co-firing is simply the blending of dissimilar fuels, 

with one being the dominant (coal, coke) and the other being supplement. There is wide variation in 
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properties for the operator. Important is chemical composition, ash, halogen content, reactivity, kinetic of 

volatile evolution [9]. 

1.1. Biomass Properties 

Biomass is considered as renewable because of the fast cycle of 5 -10 years, this type of cycle however can 

be achieved in tropical forest. CO2 is regenerated to C by photosynthesis. Plants, algae and some bacteria 

and photosynthesis when CO2 is absorbed from the atmosphere, and in the presence of sunlight and water, 

they produce glucose (C6H12O6), which is a simple sugar. The sugar or carbohydrate is later consumed 

during respiration. The simplest method to convert biomass into energy is combustion. Combustion of 

cellulose (C6H10O5) is typical for wood. CO2 and H2O are the products at complete combustion, and CO and 

H2 are the products at incomplete combustion. The off gas contains devolatilized matter from biomass, ash, 

alkali oxides, sulphur, NOx, Cl- and ammonia, which are present too. Wood is made up of hemicellulose, 

lignin and cellulose - long hydrocarbon molecules or polymers. The most reactive is hemicellulose, the most 

stable is cellulose. Biomass is dried through evaporation of water, and gases are desorbed at 150 °C. 

Thermal decomposition (500-600°C) occurred at the absence of oxygen, by devolatilization of hydrocarbons 

from biomass. At higher temperatures the volatiles or char react with oxygen to produce CO2 and CO. 

Gasification process takes place above 590°C when energy from combustion is used to drive endothermic 

reactions that produce CO, CO2, CH4 and H2. Gasification is a multicomponent system with both endo/exo 

reactions [10]. Pyrolysis is drying of biomass heated above an ambient temperature in an oxgen deficient 

atmosphere. Temperature of biomass pyrolysis influence contain of inorganic materials, unconverted 

organics, carbon residues in the char. Torrefaction is a thermal treatment of biomass at low temperature 

(200-300 °C) in an oxygen free atmosphere. Biomass and coal have fundamentally different fuel properties.  

For instance, biomass is a more volatile fuel and has higher oxygen content than coal. In general, biomass 

contains less sulfur than coal, which translates into lower sulfur emissions as higher blending ratios of 

biomass are used.  Wood fuels generally contain very little ash (1 % or less); consequently, increasing the 

ratio of wood in biomass/coal blends can reduce the amount of ash that needs to be disposed. A negative 

aspect of biomass (especially some grasses and straws) is that it can contain more reactive potassium and 

chlorine than coal. Higher fuel chlorine contents can lead to greater high temperature corrosion in devices.  

1.2. History of Biomass in Ironmaking 

Biomass has to be pretreated before its utlization in ironmaking process, replacing coke and natural gas as a 

fuel in blast furnace and replacing coke as a fuel in sintering and pelletizing [11]. Utilization of biomass in 

converters as a replacement of coke for providing extra heat to process if needed would be good regarding 

content of sulphur. Char coals in blast furnace (200 m3) were known in the past in Sweden (Domnarfvet), 

Rusia (Serovky zavod Ural) and Canada. 1 ton of char coal generates 200-400 m3 of distilling gas and 7-8 % 

of distilling products (tar). Reducing ability of char coal is higher than coke; direct reduction at char starts at 

750 °C. Sulphur content in char is very low. Porous char is burning faster; optimal temperature of wind was 

about 250 °C, off gas contains more methanol (1.5 %) and hydrogen (7-8 %). The same quantity of char has 

3-5.5 times greater volume than coke has. Smelting intensity char furnace was 1.5-1.75 times higher [12]. 

Carbonized biomass manifest similar characteristic to foundry coke in its composition. Biocoke from selected 

woody residues and shells possesses even better properties: lower ash, higher carbon content and heating 

value. The best produced biocoke resulted from coconut shells [13]. 

2. EXPERIMENTS WITH BIOMASS 

Optimum biomass usage as a fine coke replacement in coal blend and sinter mixture has been studied for 

reducing carbon dioxide emission. Biomass was selected based on easy availability and/or replacement of 

different seasonal sources without additional costs for biomass treatment. Biomass usage in the steel 
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industry features bulk handling and the use of existing infrastructure or creating a new one. Though various 

studies have been conducted on woody biomass recycling, basic experimental data is still insufficient. The 

low density and difficult gathering of woody biomass have limited its recycling. Optimization of carbonization 

conditions of biomass studies showed that the weight of biomass decrease remarkably at about 300 °C, 

which is the temperature level of cellulose decomposition in biomass. The biomass weight during 

carbonization noticeably decreases. At 35 °C the decomposition of lignin starts and during lignin 

decomposition, H2O, CO2 and CH4 gases are generated [14]. Crushability, dustiness, combustion and 

shrinkage of biomass are the challenges for operational application.  

2.1  Biomass in Coal Mixture for Coke Production 

Replacing the small portion 1-5 % of the coal blend without significantly affecting the mechanical strength of 

coke was the idea for starting the series of laboratory tests. As a source of biomass were used: wooden oak 

tree pellets (caloric value 17.6 MJ/kg), grinded wooden oak tree pellets below 3 mm, RDF (refuse derived 

fuel) pellets (caloric value 11 MJ/kg), charcoal (caloric value 25 MJ/kg), and textile fiber (caloric value 

32 MJ/kg). The laboratory coking furnace Sole Heated Oven (SHO) ASTM D2014-97 with chamber width 

280mm, length 610mm and depth 280mm (sample volume 13kg) with applied force to top 15.2 kPa 

monitored expansion/contraction during 8 hours of heating. Mowable Wall Oven (MWO) with chamber width 

450mm, sample volume 300 kg, coking time 18 hours, coal blend bulk density 790 kg/m3. Coal blend (83 % 

under 3 mm grain size) was mixed with each biomass and tested in both SHO and MWO furnaces. The 

carbonizing was carried out in laboratory coking furnaces at 1250 °C with heating rate of approx. 8.5 °C/min. 

High volatile coal was replaced from 1-5 % in coal blend. Obtained results were compared with base case 

trial without biomass addition. This set of 12 tests shows that usage of bioamass in coal blend is technically 

possible. Biomass addition significantly changed the coal blend properties like coal blend contraction, fluidity, 

and dilatation, swelling index, bulk density and sulphur content. 5 % of biomass addition deteriorates the 

coke quality significantly. 1 % biomass addition deteriorates the coke quality acceptably. CSR/CRI is more 

sensitive to biomass addition as coke cold strength test. Textile fibers from tyre addition decrease bulk 

density, CSR and productivity. Questions for the next research are to determine suitable grain size for coal 

blend using addition of biomass, increase of bulk density of coal blend, find the mechanism of coke structure 

forming when using biomass [15].  

2.2  Biomass in Sinter Production 

Sintering is a thermal method agglomeration, in which materials are heated to the temperature at which they 

are softened and partially melt, which causes the grains packing to fuse. Sintering product is a polycrystalline 

material, whose grains are mutually bonded. Chemical transformation takes place during sintering. The initial 

sintering stage takes place without the participation of liquid phase; at temperature rising (100 °C) sintering is 

accelerated due to silicate alloys that originated. Sintering of fine iron ores is related to phase transformation; 

initial phases differ from final ones. This is accompanied with changes in bonds between elements of these 

phases in the phase structure and packing. Sintering is a heterogenous process during which the boundaries 

between the phases originate, translocate and disappear [16, 17]. Replacing part of coke by char put into 

structure more volatile matters. 

2.3  Methodology for Biomas Usage in Sintering 

A laboratory sinter pot device with the volume of 250 kg and suction area of 0.25 m2 was used for carrying 

out a series of 25 experiments. The height of the sinter mixture layer simulating operating conditions at U. S. 

Steel Košice was 400 mm. The equipment allowed changing the under-pressure up to the value of 10 kPa. 

Biomass was added into the currently used sinter charge consisting of sinter ores, iron concentrate, 

limestone, and dolomite, some portion of recycled materials, fine coke and biomass as replacement for part 

of fine coke. Crushed bark of fir and spruce tree wood, sawdust of oak and beech trees, crushed corn cobs 
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and crushed charcoal were used as biomass sources. All types of biomass were crushed before use in order 

to obtain the same grain size as was the grain size of fine coke. Charcoal handling was difficult, it was 

necessary to wet it, given the high dustiness. 3 % of total fuel was used in the sinter mixture total and it was 

gradually substituted with four types of biomass in the volume of 10, 20, 30 and 40 %. Standard sintering 

was applied as the reference test, using only fine coke as a fuel. Measurements of particulate matters and 

combustion products composition were carried out during sintering processes. The purpose was to find out: 

(1) whether it is possible to substitute fine coke with biomass, (2) which biomass is optimal as substitute for 

fuel, (3) what will be the quality of produced sinter, including its (4) structure and (5) phase composition 

change. X-ray phase analysis was used to evaluate the phase composition of individual sinter fractions (+40; 

+25; +16; +10; +5 mm) after physical testing. Structural changes were evaluated from polished samples 

using optical microscope and from fracture surfaces areas using scanning electron microscope. The same 

sintering conditions were ensured during sintering tests and charges were made with a constant fuel value. 

Evaluations were made according to ISO 8263 1992 “Method for presentation of the results of sintering 

tests” to be able to compare our results with other testing equipments. It results from interdependencies 

plotted in Fig. 1 that after gradual addition of any biomass (within the experiment range) the apparent density 

of charges decreased for all charges. This in turn had an influence on sintering speed increase as well as on 

increase of productivity. Yield of sinter made even with 40 % addition of charcoal did not decrease [20]. 
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Fig. 1 Bulk density, sintering time, and yield trends during laboratory sintering tests [20] 

Produced sinter quality changed differently with application of different biomass types. Tumbler index (TI) did 

not decrease up to 20 % of used biomass, in case of charcoal TI did not change significantly even at 40 %. 

Abrasion index (AI) did not decrease up to 20 %, beyond this limit it decreased significantly for all biomass 

types. Return sinter amount of up to 20 % was also acceptable; it changed under the value 20 % for selected 

laboratory sintering conditions. Produced sinter reducibility at charcoal showed the slightest change in 

reducibility decrease. 10 % addition of each biomass decreased only slightly the reduction properties of 

produced sinter. Laboratory experiment measurement results showed that charcoal was the most suitable 

substitute for coke dust with the least influence on produced sinter quality. Other biomass types can also be 

used, but they should be applied with different optimal biomass amount. In case of charcoal it was up to 

20 % of substitution for coke dust, for other biomass materials it was up to 10 %.  An interesting benefit was 

achieved in terms of reduced CO2 and the results of experiments were considered to be promising [21]. 

Laboratory tests showed possible 2.29 kg CO2 reduction per 250 kg sinter charge.  
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2.4  Sinter Structure Change with Biomass 

Representative samples of “biomass” sinter from each grain size fractions were examinated microscopically 

and using x-ray diffraction technique. The structure of standard sinters, especially when containing high flux 

additions and many different materials is very complex. Sinter is generally composed of four main phases: 

iron oxides (from 40 to 70 vol %), ferrites (from 20 to 50 vol %) most of which are complex silico-ferrite of 

calcium and aluminum (SCFA), glasses (up to 10 vol %) and dicalcium silicate (up to 10 vol %). Sinters have 

the potential to be quite variable in their composition. Due to different origins of the iron-ore-bearing 

components different chemical, mineralogical and thermal properties the sinter melts forms in different 

temperature intervals [18,19]. Scanning electron microscope showed the specific mechanism of biomass 

volatile matters components behavior and influence on the sinter structure. “Biomass” sinter had the same 

basicity 2, the same value of C total and has been prepared at the same sintering conditions. Fuel in the 

form of biomass contains more volatile matters and formed ash partly differs from coke ash. This was 

manifested in the structure of sinters by increased porosity and cracking. NaCl and KCl were observed in 

vicinity of pores in the form of complex compound SFCA. The main factors that determined the mineralogical 

composition and metallurgical properties of sinter was the volume and melt composition in the solid-fuel 

combustion zone, the rate of cooling of the sinter and the oxidation potential of the gas phase (CO2/CO) or 

FeO content. FeO content in sinter decreased at a higher percentage of used biomass. In all cases the 

matrix of the sinter was magnetite and hematite associated with a small amount of calcium. The individual 

grains of hematite became recrystallized and affected the sinter strength. Sinters are inhomogeneous and 

contain many combinations of minerals. Flux and fuel distribution form a non uniform temperature field in the 

bed of the sinter pot and cause different oxidation-reduction conditions. All the studied sinter samples of 

different grain size studied contained the following mineral phases: magnetite Fe3O4, SFCA, silicate phase 

including dicalcium silicate Ca2SiO4, larnite, quartz, a small amount of Fe2O3 and NaCl were observed along 

the edges of the open pores. In all cases the matrix of the sinter with biomass contained Ca2Fe22O33 

associated with magnetite, hematite, wűstite and larnite, and minor phases of dicalcium silicate were calcium 

ferrites Ca4Fe15O25, CaFe9O17 and CaFe6Al6O20 and some small amount of NaCl [22,23]. Higher amount of 

volatile matter and high reactivity which came from biomass caused a large crack formation in sinter, 

impairing the mechanical properties of the sinter. 20 % biomass addition did not show itself in structure by 

big differences even if it concerns individual grain size fractions. Averages of measured values were 

summarized, type and slightly varying content of individual phases was basically the same.  Amorphous ratio 

of SiO2 represents about 5 %. 

3.  CONCLUSION 

Biomass residues show a potential for the substitution of fossil fuels in both Coke and Ironmaking processes. 

High coke price and CO2 emissions saving make biocoke more attractive. 1 % addition of biomas in coal 

blend deteriorates the coke quality reasonably. Substituting 10 % of fine coke with biomass did not 

significantly change the combustion characteristic of the sintering process or the sinter quality. The results 

suggest that it is feasible to substitute 10 % of fine coke with biomass in the iron sintering process. It was 

concluded that the best results from tested biomass were obtained by charcoal addition, however seasonally 

it is possible to use other biomass sources too.  

ACKNOWLEDGEMENTS 

The author is grateful to Ing.Rudolf Želinský, Ing. Peter Vlašič, Ing. Jan Tomáš and Pavol Výrostko 

for providing sinter pot tests with the biomass for the study.  The author would also like to thank 

RNDr. Martin Černik, PhD. of U. S. Steel Kosice Research & Development for his contributions to the 

interpretation of the phase results presented in this paper. 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

127 

DISCLAIMER 

The material in this paper is intended for general information only. Any use of this material in relation 

to any specific application should be based on independent examination and verification of its 

unrestricted availability for such use and a determination of suitability for the application by 

professionally qualified personnel. No license under any patents or other proprietary interests is 

implied by the publication of this paper.  Those making use of or relying upon the material assume 

all risks and liability arising from such use or reliance. 
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Abstract  

The automatic control system of the continuous casting should help to more accurately maintain the 

prescribed temperature regime and thus produce a higher-quality of continuous-cast semifinished product. 

The paper is devoted to problems of development of the model predictive control (MPC) algorithms of the 

secondary cooling modes. Since the thermal physical parameters depend on the temperature of the cast 

metal and the copper material of the mold walls, the mathematical model of processes of the heat transfer is 

based on the nonlinear partial differential equations. The position of the boundary between liquid and solid 

phases is given by the temperatures equality conditions and the Stefan conditions for the two-dimensional 

case. The boundary conditions for the wide faces of the ingot in the secondary cooling zone take into 

account the convective and radiative heat exchange components, as well as the ambient temperature 

dependence and the heat-transfer coefficients on the locations of the nozzles and water discharge in them. 

The model is adaptive since it takes into account data coming from the measuring devices and uses the 

information about the surface temperature of the ingot at the outlet of the secondary cooling zone to adapt to 

the process realities. At each step of the receipt of new measurements, the model calculates the value of 

control inputs (water discharge), which provide the required temperature in the future. The calculated values 

of water discharge transmitted to the regulators of cooling water flow. 

Keywords: continuous casting, secondary cooling, temperature field, mathematical modeling, automatic 

control 

1. INTRODUCTION 

The temperature regime occurring in the secondary cooling zone (SCZ) of continuous casting machine 

(CCM), significantly affects the quality of the continuous ingot [1]. The automatic control system (ACS) of the 

secondary cooling should help to more accurately maintain the prescribed temperature regime and thus 

produce a higher-quality of continuous-cast semifinished product. 

Control parameters for ACS of CCM SCZ are the discharge of cooling water in the different sections of SCZ. 

There are various algorithms for water discharge control in the SCZ. Most casters control spray-water flow 

rates using a simple look-up table with casting speed. It can be effectively used in case where the process of 

casting takes place in the steady state. In this case optimal values of water discharge for steady-state 

regimes are defined empirically at a constant casting speed. But this method produces undesirable 

temperature transients during process changes and causes not only defective ingots but perhaps the 

stoppage (fixing) of solidified ingot inside the curved part of CCM. On the other hand in the process of 

casting, we have to make the technological operations (e.g. change of ladle), which require a reduction of 

the usual velocity of the ingot withdrawal. Thus, the transitional regimes with disturbances of the temperature 

field are inevitable. ACS should reduce these disturbances to a minimum by changing the cooling water 

discharge in the different sections of SCZ. 

Now studies are being performed in different countries on ACS for CCM in order to create new algorithms of 

cooling water discharge that allow more accurately stabilizing the necessary characteristics of temperature 
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field. Now the developers of control systems of the secondary cooling are working at more improved 

algorithms of water discharge changes.  

It should be noted that the use of PID controllers in the process of secondary cooling is extremely difficult 

because of the difficulties of the ingot temperature measurements. In [2], the authors use the measurements 

of surface temperature of the ingot after the data were subjected to several processing (filtration) stages.  

Such processing is in itself a difficult problem in terms of preserving useful information.  

Therefore recent dynamic control systems have been developed on the base of real-time computational 

models [3]. However, although the MPC is mentioned in this work, the authors do not apply MPC. The model 

is only used as a sensor of feedback control for the measuring devices replacement. They use a real-time 

numerical simulation of heat transfer and solidification within the strand as a software sensor instead of 

unreliable temperature measurements. After which the authors still turn to the PID controller to develop 

control actions.  

There are also other methods and algorithms of control inputs computation. For example the method of each 

small part of the ingot prehistory tracking has been proposed in [4]. But the authors themselves describe the 

difficulties and low feasibility of this method. 

In this paper the model predictive control (MPC) method for water discharge values calculation that allows 

stabilizing temperature regime in the secondary cooling zone is proposed. 

2. MODEL PREDICTIVE CONTROL 

The model predictive 

control (MPC) is one of 

the most advanced 

control method at 

present. The current 

interest of the 

processing industry in 

MPC can be traced back 

to a set of papers which 

appeared in the late 

1970s [5]. This method 

has been used since the 

1980s for technological 

processes control in the 

petroleum and chemical 

industries, when it was possible the successful use of only rather simple models of processes. Now the level 

of computer technology development allows using MPC for the complicated models of process, such as two-

dimensional model of the temperature field. So there is an opportunity to use the MPC in ACS of 

metallurgical processes, particularly in continuous casting. 

The model predictive control is an optimization based method for the systems feedback control. Its main 

applications are problems of stabilization and tracking. This method differs from the open-loop control and 

feedback control so that the regulation of control parameters is carried out beforehand. To determine the 

settings (the values) of control parameters not only the object current state data are used, but also data of a 

mathematical model prognosis of its state for the next time (Fig. 1), that is the model of a plant is used to 

predict the effect of future actions of the manipulated variables on the output. 

Fig. 1 Principle of the Model Predictive Control (MPC) 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

130 

Suppose we are given a controlled process whose state )(kx  is measured at discrete time instants k , 

,...2,1,0k . “Controlled” means that at each time instant we can select a control input )(ku , which 

influences the future behavior of the state of the system. The task of control is to determine the control inputs 

)(ku  such that )(kx  follows a given references )1( kxref  as good as possible [6] (Fig. 1). This means 

that if the current state is far away from the reference then we want to control the system towards the 

reference and if the current state is already close to the reference then we want to keep it there (stabilization 

problem). If it is possible (and necessary) to optimize some criteria, then we can consider the optimal control 

problem. 

3. MATHEMATICAL MODEL 

The non-steady-state mathematical model describes the convective-conductive heat transfer in a continuous 

casting slab. The model examines the two-dimensional field of temperature and the phase boundary in a 

longitudinal section of a wide slab.  

The heat transfer in the ingot is described by the equation 
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where )(v  is the velocity of the ingot withdrawal;  ),,( zxTT   is the temperature of metal; )(Tc  is  its 

specific heat; )(T  is its density; and )(T  is its thermal conductivity. 

The position of the unknown phase boundary is specified by equality conditions of the temperatures and the 

Stefan conditions for the two-dimensional case: 
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where   is the phase boundary ),( zx  ;   is the latent heat of crystallization; crT  is the crystallization 

temperature (the average temperature from the liquidus-solidus interval); n  is a normal to the  . 

The boundary conditions in the SCZ account for the convective and radiative components of heat transfer 

and the dependence of the ambient temperature and the heat-transfer coefficients on the locations of the 

nozzles and water discharge in them: 
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where l  is the half-thickness of the ingot, PGkt


,,,  are the vectors of type, coordinate, water discharge and 

air pressure in the nozzles respectively. 

The initial conditions are: 

),,(),,0( 0 zxTzxT    ).(),0( 0 zz    (4) 

The model allows of the ingot temperature field estimation and prediction, to investigate the sensitivity of 

various operated parameters of the process to the changes of operating parameters, to make an operative 
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estimation of the ingot thermal conditions and to find the values of such control parameters that keep the 

cooling mode optimal for metal quality. 

The mathematical model is able to adapt to the changing conditions of the casting process. The ways of 

identification of the distributed parameters of external heat exchange for initial and adaptive adjustment of 

convection heat transfer coefficient on the ingot surface are developed in [7].  

4. THE INGOT SURFACE TEMPERATURE SENSITIVITY TO CHANGES IN THE COOLING REGIMES 

AND THE QUALITY CRITERIA  

To study the effect of changes in the input parameters (coolant-water discharge in the mold and in each 

section of the SCZ on ingot temperature), we constructed graphs of the sensitivity of the dynamic system by 

the cooling water discharge parameters [8]. Fig. 2 shows calculated data on the sensitivity of ingot surface 

temperature to changes in water discharge in the mold and on different sections of the SCZ.  

We used the sensitivity functions data to identify the sections of the ingot surface most affected by a given 

section in the secondary cooling zone. It is apparent from Fig. 2 that the effects of the various sections of the 

SCZ on the ingot may overlap and the beginning of a certain section of the ingot may not coincide with the 

end of the previous section. The cooling sections of the SCZ can be divided up into segments by different 

methods, including methods which can group the sections so that their effects overlap each other. However, 

the division should not be done in such a way that any given segment includes points which do not have a 

significant effect on the ingot cooling. If that were the case, then the controlled variable would have a weak 

reaction on the control action. 

 

Fig. 2 Sensitive functions (k is sensitivity to change the cooling water discharge in mold,  1,...,9 is sensitivity 

to change the cooling water discharge in sections of SCZ) 

 

Thus, the SCZ has been divided into segments ],[ mm ba  that each has a significant cooling effect within 

each mth section of the SCZ. The following control criteria are determined for each segment: 

min))(,(
*

1 


 mkmk

S

m TGT  , (5) 

where ))(,( 1 kmk

S

m

S

m GTT    represents a real-time estimate of the average surface temperature on 

segment ],[ mm ba  at the next moment of time 1k ; )( kmG   is the variable that we can set at the moment 
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k ; 
*

mT  is the required average surface temperature on segment ],[ mm ba ; accordingly, the quantities 

*

m

S

m TT   are the quality criteria. The task of the ACS is to use running values of the process parameters to 

calculate the water discharge )( kmG 
 that needs to be established in the mth section of the SCZ in order to 

obtain the required temperature 
*

mT  at the next moment of time 1k . The results of MPC for the first and 

second sections of SCZ are presented on Fig. 3b).  

 

 

Fig. 3 Process dynamics (without control (a) and at the MPC (b), v is casting speed; G1, G2 are the values of 

cooling water discharge; Ts
1, Ts

2  are average temperature in 1st and 2nd sections of SCZ). 

The limitations caused by technology on )( kmG 
 are ],[)(

maxmin

mmkm GGG   , where  
min

mG  is 

minimum, and 
max

mG  is maximum of cooling water discharge rate in the mth section. This condition is one of 

the reasons that in some segments, especially in the first sections of SCZ, during transients may be a 
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situation where none of the eligible values of water discharge can provide the 
*

mT . In such cases, set either 

the minimum or, respectively, the maximum possible discharge of water (Fig. 3). 

The Fig. 3 shows a comparison of the process dynamics without control (a) and at the MPC (b). Simulation 

has been carried out for the same typical disturbance on the casting speed of the ingot, and other similar 

casting conditions.  

5. CONCLUSIONS  

On the basis of the mathematical model, that gives the operative estimation of the temperature condition of 

the continuous ingot, new MPC algorithms are offered and programmed. These algorithms support the 

stabilization of the required temperature mode of cooling ingot and allow raising quality of output metal.  

The advantages of MPC are the ability to as accurate as possible stabilize the temperature regime of the 

continuous ingot and the possibility of simulation during the secondary cooling ACS design and 

development. Its problems include difficulties of the mathematical model development and calibration. 

Additionally the high computing power is needed. To provide calculations by the mathematical model in real 

time the speed (quickness) of these calculations should be many times faster than the real time. 
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Abstract  

The paper presents a method of usable properties improvement of cast steel castings, by putting directly in 

casting process an alloy surface layer on the basis of Fe-Cr-C alloy. Technology of alloy surface layer 

guarantees mainly increase of hardness and abrasive wear resistance of cast steel castings. The innovative 

description of the process of the alloy surface layer creation was presented in the article. Its idea is based on 

diffusion in solid state of carbon and chromium from the insert to the cast steel area inside the ferrochromium 

grains as well as on the diffusion inside the area of the liquid chromium cast iron created in earlier stages of 

layer production as a result of the solid state diffusion. The silicon addition to the insert material influences 

the insert melting process what was analyzed, too. The liquidus and solidus temperatures of high-carbon 

ferrochromium were estimated, what is very important for this process. It is proved that increase of Si content 

causes the FeCrC solidus temperature decrease what brings the elements diffusion increase and causes 

faster liquid phase creation. The carbon back-diffusion from the transition zone and cast steel was observed 

during the experiments. It is proved that the process is caused by carbon diffusion from the places with high 

carbon content to the places of carbides creation, what causes local carbon content decrease. 

Keywords: Alloy surface layers, cast steel, alloy surface layer creation mechanism 

1. INTRODUCTION  

Surface alloy layers are examined thoroughly nowadays because of the better mechanical properties (of 

chosen surfaces) requirements. The abrasion resistance [1, 2, 3, 4] and concurrently the plasticity of the core 

are desired. One of the technologies of surface alloy layer forming process is the foundry one [5, 6]. It allows 

to obtain the layers with many technological advantages. The cast method (which gives surface alloy layers) 

based on the diffusion joint proceeded directly in the foundry mould was used in the presented research. [7, 

8, 9]. Surface layer forming process depends on many chemical and physical factors. First of all, the obtain 

properties depend on cooling conditions and the reaction on the surface metal/pad (it means the kind of 

interaction between the pad material and surface cast layer). The developed method orders to prepare the 

mould by fixing the composite premould on chosen surfaces of the cavity of the mould and pouring it with the 

liquid metal. The diffusion and the mass transport depend on the temperature and the time. The temperature 

of 13000C is considered to be the limiting temperature. The intensification of the diffusion process takes 

place above it. This temperature has been determined on the basis of earlier researches in Department of 

Foundry [10, 11].The process of preparing the mould and composite premould is not complicated. But 

choosing correct technology parameters are much more difficult, because it depends on e.g. pouring 

temperature, module of cast, range of cast temperatures TL - TS, the size of premould material grain. 

The aim of this study was to describe the mechanisms occurring between two materials inside the mould. 

Non-alloy cast steel was used during the researches [12-14]. Cast steel is generally used in the foundry 

industry for elements machine where highly alloyed cast iron is not able to provide suitable reliability of the 

product [15 - 18]. Unfortunately, a major defect of this material is that it does not provide adequate wear 

resistance in disadvantageous conditions of work. Extractive industry is a very good example of the use of 
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large quantities of castings made of steel. The use of alloy layers in these elements extends the life of their 

operation. The high - carbon ferrochromium was used to build this kind of the alloy layer. 

The examined problem particularly deals with phenomenon of diffusion that occurs during the formation of 

the surface alloy layer (from FeCrC) for cast steel casting. 

2. RESEARCHES 

The grainy low - carbon ferrochromium (FeCr800) was used to build the premould. Chemical constitution of 

ferrochromium is presented in Table 1. Whereas the whole cast was produced from the low - carbon cast 

steel (Table 2). 

Table 1 Chemical constitution of ferrochromium 

Cr % C % Si % P % S % 

62,53 7,92 0,75 0,026 0,02 

Table 2 Chemical constitution of cast steel 

C% Si% Mn% P% S% Cr% Ni% Mo% Cu% 

0,207 0,18 0,6 0,026 0,015 0,086 0,119 0,073 0,277 

The first step during the surface alloy layer forming process is pouring the mould with the insert by liquid 

metal. The moment of the contact of liquid with alloy components of insert begins the process. The alloy 

insert placed inside the mould acts as chill for wall layer of cast steel. was formed The thin, solidified film cast 

is formed as a result of contact of the liquid cast steel and alloy insert material. This layer effectively prevents 

the penetration of cast steel into intergranular pores of inserts. Both high viscosity and high surface tension 

of cast steel is an additional factor for effective elimination of the penetration of liquid cast steel into the insert 

pores. Due to the heat flow from cast steel to mould the temperature gradually increases in a premould. The 

higher temperature in the premould, the bigger mobility of the atoms in the crystal of C, Cr and Fe. The 

diffusion of atoms of C and Cr FeCrC to cast steel and Fe to the FeCrC proceeds in the solid state as a 

result of large difference of the concentrations of these elements (insert - cast steel) and the increase of 

temperature in the insert. As shown by test results - liquidus temperature of the high carbon ferrochromium is 

higher than that recorded at the interface between insert - cast steel. The diffusion of element occurs in the 

solid state. In this stage, carbon (interstitial) and chromium (nodal) diffusion in cast steel direction mainly 

follows. There is also iron diffusion into premould. Model diffusion proceeds between a porous material and 

solidified film cast. Mass transport is realized between particular grains of inserts and at the border of FeCrC 

and cast steel. Diffusion of C and Cr (from insert to cast steel), and Fe (from cast steel to insert) leads to the 

changes in the chemical constitution of the zone of the contact of the two materials. When the concentration 

of particular components located at the joint of two materials is similar to chemical constitution of chromium 

cast iron (about eutectic) this zone passes into the liquid state. The temperature of 1300 oC is the 

temperature of the beginning of cast layer forming process (for the present experimental conditions) [11].This 

temperature depends on the content of Si in the used insert. This element lowers the temperature of the 

transition to the liquid state. Transition to the liquid state is caused by lower temperature of melting of this 

material in relation to high-carbon ferrochromium. Then the diffusion proceeds in a liquid state. Diffusion of 

elements and transition into liquide state do not proceed only in one area but runs in turn into the pad (as a 

result of permanent flow of activating heat) and in the direction of cast steel producing the bigger area of 

diffusion. The concentration of elements is levelled as a result of diffusion in liquid state. The solidified alloy 

surface layer is formed by temperature decrease. The layer and cast steel being in contact are still 

characterized by high temperature. It is slowly falling down as time passes. The diffusion of C and Cr in the 

direction of cast steel is steel proceeding in such conditions of temperature and concentration and makes 

austenite chromium and carbon enriched. The less temperature in the range of intensive process of 
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chromium secondary carbides educing from austenite, the less concentration of carbon in their environment - 

solid solution (because of strong carbides creative properties of Cr). 

Because of the higher diffusion rate of carbon in comparison with chromium, carbon atoms diffuse into 

carbides from larger distance. So diffusion takes place from the more remote places rich in carbon in the 

direction of forming carbides. This causes a local reduction of the concentration of carbon in cast steel in 

front of the zone of forming carbides. You can probably talk about the existence of back diffusion or reverse 

diffusion of carbon in cast steel. Decarburized zone did not occur in all connections or it was not big 

(invisible). Because of further processes occurring in the mould surface alloy layer of is created. 

It is proved on the basis of researches that the silicon concentration in the alloy insert influences 

considerably the process of formation of the surface alloy layer. It was shown by the computer simulation 

using Thermo-Calc. It was a computer simulation of the formation of a liquid phase at the interface between 

two materials. Model used for the simulation is shown in Fig. 1. The researches were conducted for two 

types of inserts. Inserts differed in silicon percentage (0.85 %). The result of the simulation was the run of 

diffusion of the components in the test materials. The studies were conducted in different temperatures 

(1230 - 1430 oC).  

 
Fig. 1 The scheme cells for diffusion calculation between cast still and the pad: a) without silicon b) with 

silicon 

The result of the researches was the element distribution in the virtually formed alloy layer. The example 

results are shown in Figs. 2 - 3 for a temperature of 1300 oC. The mass concentration of C, Cr, Fe and Si at 

the time of occurrence of the liquid phase are shown in Table 3. Table 4 presents percentage concentration 

of the elements during the formation of the liquid phase and the time required for the liquid phase forming in 

the cast steel zone. 

Table 3 The concentration of elements in examined material during liquid phase forming 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 The distribution of carbon between cast steel and insert at the 

temperature 1300 oC: a) without silicon b) with silicon 

Element insert no Si insert of Si 

C 0,88 % 1,17 % 

Cr 2,24 % 0,2 % 

Fe 96,88 % 98,29 % 

Si - 0,29 % 
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Fig. 3 The distribution of chromium between cast steel and insert at the temperature 1300 oC: 

a) without silicon b) with silicon 

Table 4 The results obtained from simulation; with the use of insert with silicone and without silicon 

Temperature oC 
insert no Si insert of Si 

C% Cr% Fe% Time (s) C% Cr% Si% Fe% Time (s) 

1230 1,51 2,74 95,74 476502 1,58 0,28 0,40 97,76 26440 

1250 1,30 2,90 95,81 351751 1,45 0,27 0,39 97,88 19530 

1280 1,23 2,85 95,92 250000 1,31 0,27 0,28 98,17 9131 

1300 0,88 2,24 96,88 112001 1,17 0,25 0,29 98,29 6581 

1330 0,66 0,25 99,09 1252 0,47 0,20 0,20 99,15 252 

1350 0,51 0,25 99,24 751 0,45 0,20 0,20 99,15 251 

1380 0,37 0,23 99,41 252 0,20 0,20 0,20 99,40 7 

1400 0,33 0,22 99,45 251 0,20 0,20 0,20 99,40 2 

1430 0,24 0,20 99,56 2 0,20 0,20 0,20 99,40 0,008 

Thanks to simulations the time of forming of the liquid phase between alloy insert and non-alloy cast steel 

was determined. Significant differences were observed during the formation of the liquid phase, depending 

on the temperature and on the chemical constitution of the test insert. The creation time of the liquid phase 

of the insert with silicon is 19 times shorter than the time for the insert without silicon. 

The analysis of the test can be concluded that the formation of the liquid phase is caused by the diffusion of 

carbon, chromium, and silicon (from the insert to the cast steel) and the diffusion of iron (in the opposite 

direction). The main factors influencing the alloy layer formation are the following: temperature, the time of 

liquid phase formation and chemical constitution of the materials. It was found that the higher content of Si 

lowered the solidus temperature of non-alloyed cast steel and alloy insert. This increases the speed of 

diffusing components (particularly carbon), which leads to the formation of a liquid phase in the transition 

zone.The researches also dealt with the determination of liquidus and solidus temperature. These 

researches were performed by lying drops with the use of the procedure CH - Contact Heating. This method 

consists of common heating both the sample of metal and the ceramic substrate at the same time: heating to 

the temperature of the experiment, holding at this temperature and then cooling. Metal and the substrate are 

in contact during the entire cycle. High - carbon ferrochromium at the chemical constitution for particular 

samples shown in Table 5 was used during the researches. 

Table 5 Chemical constitution of ferrochromium 

 Cr [%] C [%] Si [%] P [%] S [%] Fe [%] 

Sample 1 63,6 7,1 0,38 - - 28,92 

Sample 2 62,53 7,92 0,75 0,026 0,02 28,754 

Sample 3 61,1 6,82 2,09 - - 26,99 
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The following activities were used during the researches:  

 for the sample 1: heating at the speed ~ 9 °C per minute and cooling at the speed ~ 13 °C per minute, 

 for the sample 2: heating at the speed ~ 8 °C per minute and cooling at the speed ~ 15 °C per minute,  

 for the sample 3: heating at the speed ~ 8 °C per minute and cooling at the speed ~ 14 °C per minute. 

The solidus temperature 1527 °C and liquidus temperature 1638 °C were determined for the sample 1 

(Table 6). The solidus temperature 1508 °C and liquidus temperature 1637 °C were determined for the 

sample 2. The solidus temperature 1597 °C and liquidus temperature 1505 °C were determined for the 

sample 3. The obtained temperature range liquidus-solidus indicates the influence of silicon. Silicon (even in 

small quantities) influences the transition temperature of the material in the liquid state (Table 6). 

Table 6 Liquidus and solidus temperature for ferrochromium, depending on the silicon contents 

 Cr [%] C [%] Si [%] Fe [%] TL [oC] TS [oC] 

Sample1 63,6 7,1 0,38 28,92 1638 1527 

Sample 2 62,53 7,92 0,75 28,754 1637 1508 

Sample 3 61,1 6,82 2,09 26,99 1597 1505 

3.  CONCLUSIONS 

The experimental researches allowed to gather great number of data. Thanks to them, it was possible to 

work out the mechanism of surface alloy layer forming process on steel cast. The temperature and 

concentration conditions on the border cast - pad/alloy layer influence the surface alloy layer forming 

process. Concentration conditions (such as differences in the concentration of carbon, chromium between 

cast steel and the pad, concentration of silicon in grainy alloy pad) influence the intensity of diffusion 

process. The temperature of the beginning of surface alloy layer forming process is equal 1300oC [11] for 

given conditions of experiment. The concentration of Si in the pad material influences this temperature. The 

conducted researches showed that Si concentration influences meaningfully the temperature of liquid phase 

forming at the place of the contact between the pad and cast. The bigger concentration of Si, the less 

temperature TL of ferrochromium and shorter time of liquid phase forming.  

The mechanism of surface alloy layer forming process is based on diffusion process in both liquid and 

solid phase. It consists of the following steps: pouring the mould with the pad by liquid cast steel, transition of 

heat from cast steel into the pad, thin and solidified cast steel layer forming, diffusion in solid state from the 

layer of the pad adjoined to solidified cast steel layer, impoverishment of Cr and C, enrichment of Fe in 

described zone of the pad, transition into liquid state the part of the pad from the cast steel side, diffusion in 

liquid state, reverse carbon diffusion from the transition zone and cast steel, crystallization and surface alloy 

layer forming.   
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Abstract 

During steel production in EAF, the bath surface is covered with slag that significantly affects the final quality 

and properties of steel. The use of fluxing agents based on Al2O3 is one of the possibilities how to influence the 

slag properties in the reduction phase. That task is to reduce the melting temperature and thus the viscosity of 

basic steel slags in order to increase the steel reactivity. This paper presents the operational experience using 

fluxing agents for slags based on Al2O3 during steel treatment in EAF under the conditions of the company 

UNEX a.s. The aim of the operational experiments was to compare the various additions of fluxing agents 

focused on assessment of the slag mode in the reduction phase of steel production. Samples of steel and slag 

were taken in plant conditions to assess the slag mode in particular heats focused on assessment of the 

desulphurization degree, basicity, content of easily reducible oxides, CaO/Al2O3 ratio, sulphur partition 

coefficient, etc. Operational experience mentioned in this paper represents the basic information about the slag 

mode in the reduction phase of steel production using fluxing agents based on Al2O3. 

Keywords: fluxing agents, slag, steel, desulphurization, electric arc furnace 

1. INTRODUCTION 

The process of steel production in electric arc furnaces (EAF) is more versatile steelmaking process than 

production in conventional equipment as it allows realisation not only of the standard oxidation phase, which 

is necessary for the process of decarburization, oxidation of accompanying elements and dephosphorization, 

but also of the reduction phase with possibility of forming of refining slag, desulphurization and alloying of 

steel to the required level. 

Creation of refining slag in the reduction phase is not easy, because slag is formed not only by slag-forming 

additives (lime and fluxing agents), but also by products of steel deoxidation (Al2O3, SiO2, MnO), by products 

from wear of lining and repair material, and also by certain amount of initial oxidation slag (CaO, SiO2, FeO, 

MnO, P2O5, Cr2O3). The final composition of the slag at the end of the reduction phase is therefore 

significantly different from the expected composition of the added slag-forming additives [1, 2]. 

Slag in EAF is a poly-component melt, the properties of which are affected by temperature, oxygen activity in 

the slag and steel, but also by its chemical composition. One of the possibilities how to affect the slag 

properties at desulphurization during the reduction phase is use of fluxing agents, the function of which is to 

reduce the melting temperature and thus also the viscosity of the reduction slag in order to increase its 

reactivity [3]. At present fluxing agents based on Al2O3 are commonly used. These fluxing agents are made 

from natural oxides or from various secondary raw materials, either by re-melting, sintering, pelletising, 

briquetting or simply by mixing the individual components [4, 5]. 
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The objective of industrial experiments consisted in evaluation of the slag mode at use of different additives 

of briquetting fluxing agents based on Al2O3. The industrial experiments were aimed at obtaining basic 

information about the possibilities of steel desulphurization and evaluation of the slag mode in order to 

optimise the chemical composition of the slag for improvement of kinetic and refining conditions during the 

reduction phase of steel treatment in conditions of the steel foundry of the company UNEX a.s. 

2. CHARACTERISTICS OF INDUSTRIAL EXPERIMENTS  

Industrial experiments with briquetted fluxing agents for slags were realised during production of steel in the 

8 t EAF in conditions of the foundry of the company UNEX a.s. The influence of fluxing agents on slag mode 

in the EAF was evaluated at the reduction phase of steel production. 

Proper production process at the reduction phase was conducted in the following manner: In the beginning 

deoxidation of steel and deactivation of slag was performed using aluminium ingots (Al ingots). Afterwards a 

new so-called reduction slag was formed by a dose of slag-forming additives consisting of lime and 

briquetting fluxing agent A55C15BW. At the end of dosing, deactivation of slag was performed by addition of 

coke. During the reduction phase desulphurization of steel was made, steel was alloyed by addition of 

ferroalloys and temperature was modified. The process of steel production in EAF is completed by tapping 

and casting of steel into the moulds [6]. 

Altogether 17 heats were realised during operating conditions, namely at production of steel grade 

B50E54D3 designated for castings for wheel hub. The basic chemical composition is shown in Table 1. 

Table 1 Basic chemical composition of the steel B50E54D3 

Range 
Chemical composition (wt. %) 

C Mn Si P S Cr Mo V Al∑ 

Min. 0.21 1.25 0.30 ××× ××× ××× 0.20 ××× ××× 

Max. 0.25 1.45 0.60 0.020 0.015 0.30 0.30 0.05 0.040 

Two variants of experiments were proposed for evaluation of the slag mode at the reduction phase of 

production, which differed by the added amount of the fluxing agent A55C15BW. Characteristics of both 

variants of the experiments are shown in Table 2. 

Table 2 Characteristics of the proposed variants of industrial experiments 

Experiment 
variant 

Slag-forming additives (kg) Ratio 
A55C15BW/CaO Lime A55C15BW ∑additives 

A 100 20 120 1 : 5 

B 100 50 150 1 : 2 

The used fluxing agent A55C15BW is produced from the secondary corrundum raw materials, which are by-

products from production of electro-melted corrundum in combination with dolomitic limestone and organic 

binder Binderwar. The basic chemical composition is formed by the following oxides: 55.0 wt. % Al2O3,  

15.0 wt. % CaO, 4.0 wt. % MgO, 2.0 wt. % SiO2, 1.5 wt. % Fe2O3, 1.0 wt. % Na2O + K2O a 0.5 wt. % TiO2. 

3. EVALUATION OF THE OBTAINED RESULTS  

Evaluation of the influence of different slag-forming additives on the resulting chemical composition and of the 

effect of reduction slags was made in several steps. First, an evaluation of the obtained degrees of 

desulphurization at various technological stages of production in the EAF was performed, as shown in Table 3. 
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Table 3 Degrees of desulphurization achieved during production in EAF  

Variant 
Achieved degrees of desulphurization of individual phases in EAF (%) 

ηS oxidation ηS reduction ηS tapping ηS ∑reduction ηS total 

A 

Average 23.05 22.04 26.59 42.56 56.35 

Max. 32.14 26.09 42.11 56.00 64.52 

Min. 13.04 19.05 6.67 26.32 50.00 

B 

Average 28.74 23.22 21.25 39.45 56.75 

Max. 41.94 36.00 41.18 54.55 67.74 

Min. 14.29 11.11 9.09 22.22 33.33 

It is evident from Table 3 that individual degrees of desulphurization reached for both variants similar trends. 

The overall average degree of desulphurization (ηS total) was in both variants 56 %, which is associated with 

lower initial sulphur contents in the range of approx. 0.021 to 0.032 wt. %, and with the required final content 

of sulphur in the steel of max. 0.015 wt. %. 

The results also show that the main part of desulphurization by addition of slag-forming additives took place 

during the reduction phase (ηS ∑reduction), with an average degree of desulphurization of 42 % for the variant A 

and 39 % for the variant B. 

Desulphurization in the reduction phase can be divided into two parts. The first part of desulphurization is the 

reduction phase (ηS reduction), involving the dosage of slag-forming additives, gradual dissolution and slag 

formation. During this part the sulphur content was reduced by 0.005 wt. % and the degree of 

desulphurization varied around the level of 22 % for the variant A and 23 % for the variant B. The second 

part is then represented by tapping of steel into the pouring ladle (ηS tapping). In this case further 

desulphurization of steel by 0.004 wt. % takes place due to intense mixing of steel with liquid molten slag 

during tapping. The degree of desulphurization reached 26 % for the variant A and 21 % for the variant B. It 

also follows from the obtained results represented in Table 3 that the increased content of fluxing agent 

(A55C15BW) in the variant B didn't affect much the achieved degree of desulphurization. 

It can be assumed that the degree of desulphurization at the reduction phase is affected also by the 

chemical composition of the slag, which is influenced not only by the quantity of slag-forming additives, but 

also the oxidizing slag, wear of lining or by steel deoxidation technology. For this reason, an evaluation of 

changes in chemical composition of the reduction slags (variants A and B) on the basis of analysis of the 

samples taken during the treatment in the EAF was made. 

The achieved results of chemical 

composition of the slag samples are 

shown in Fig. 1, which represents the 

results of chemical composition completed 

by maximal and minimal values achieved 

in individual experimental heats. 

It follows from Fig. 1, that formation of 

reduction slag by addition of slag-forming 

additives (CaO and A55C15BW) resulted 

in an increase of CaO contents in the 

range from 45 to 46 wt. %, and Al2O3 

contents to 15 wt. %. It was moreover 

established that certain quantity of 

oxidation slag remains in the EAF in spite 

of slagging during the oxidation phase, 

 

Fig. 1 Achieved chemical composition of reduction slags A 

and B 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

143 

which was reflected by an increase of SiO2 content supported by the burn-off of added ferro-alloys. This 

oxidation slag contains apart from the increased shares of SiO2, which reduce the share of free CaO, also 

some easily reducible oxides (FeO, MnO, P2O5 and Cr2O3), which negatively influence desulphurization of 

steel. That's why the formed reduction slag is deactivated by addition of coke and partly also of aluminium 

(Al ingots) that are designated for deoxidation of steel. 

This technological step led to reduction of contents of oxides FeO and MnO to 1.4 to 2.5 wt. %. It also follows 

from the results of individual heats that deactivation of the initial oxidation slag was not perfect, since in some 

experimental melts content of the oxides was achieved in the range from 2.3 to 4.7 wt. %. 

In addition to these oxides in the slag higher content of MgO was established in the average range from 13 to 

16 wt. %. In some extreme cases the contents were achieved in the range from 20 to 25 wt. %. It can be 

assumed that the increased content of MgO can cause higher slag viscosity and worse desulphurization of 

steel, and that it may affect the melting temperatures of reduction slags. This trend can be explained by wear of 

lining and by use of lower quality repair material serving for EAF repairs between individual heats. On the basis 

of comparison of the chemical composition of the molten slags in the variants A and B it may be stated an 

optimal composition of reduction slag, which should contain the following percentages of oxides: approx. 50 to 

55 wt. % CaO, 25 to 30 wt. % Al2O3, ≤ 10 wt. % SiO2, ≤ 12 wt. % MgO, ≤ 1 wt. % FeO [5, 7] which was not 

achieved. 

The achieved results of chemical composition of reduction slag in the variants A and B were processed into 

an area of quaternary diagrams of CaO-Al2O3-MgO-SiO2 and they are presented in Fig. 2 [8, 9]. It follows 

from the quaternary diagrams of CaO-Al2O3-MgO-SiO2 that in the case of the variant A (Fig. 2a), the melting 

temperatures of slag at the reduction phase of treatment in the EAF vary in the range of 1500-1700 °C. The 

quaternary diagram shows also the influence of MgO on melting temperatures of slags. When the MgO 

content is in the slag > 10 wt. % then an increase of melting temperature of slags can occur, which may lead 

also to the change of viscosity, as well as influence the desulphurization ability of the slag mixture at the 

reduction phase of steel production in the EAF. 

 

a) variant A - partial view of the diagram of the system CaO-MgO-SiO2 at the contents of 15 % Al2O3 

 
b) variant B - partial view of the diagram of the system CaO-MgO-SiO2 at the contents of 15 % Al2O3 

Fig. 2 Partial view of the diagram of the system CaO-Al2O3-MgO-SiO2 for experimental variants A and B 
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In the variant B (Fig. 2b) the melting temperatures of slags in the reduction phase of treatment in the EAF 

varied in the range of 1700-1900 °C. In this case also the non-removed oxidation slag contributes to the high 

melting temperature of the slag mixture, but an increased content of MgO in the range from 10 to 18 wt. % 

had negative effect as well. In the extreme case of two heats the melting temperatures of slags ranged from 

2000 to 2100 °C. This phenomenon can be explained by an increased content of MgO, representing approx. 

25 wt. % caused by erosion and corrosion of refractory lining of the furnace or by release of the repair 

material from the soil and from the slag zone of the EAF. 

Apart from an evaluation of the changes in chemical composition of reduction slags in the variants A and B 

an evaluation of the impact of selected parameters of slags on the effective distribution coefficient of sulphur 

(Ls) was also made. The monitored parameters include: basicity, contents of easily reducible oxides and 

ratio CaO/Al2O3 [8, 10]. The results are shown in Fig. 3 to Fig. 6. 

 

 

 

 

Fig. 3 Dependence of effective distribution 

coefficient of sulphur on the basicity - B1 

Fig. 4 Dependence of effective distribution 

coefficient of sulphur on the basicity - B2 

 

 

 

 

Fig. 5 Dependence of effective distribution 

coefficient of sulphur on the contents of easily 

reducible oxides - ERO 

Fig. 6 Dependence of effective distribution 

coefficient of sulphur on the calcium-alumina ratio - 

C/A 

Basicity of reduction slags is represented in Fig. 3 and Fig. 4. In the case of the basicity (B1) an average 

value of 2.2 was achieved in the variant A, and the value of 2.6 was achieved in variant B. In the case of the 

basicity (B2) the values decreased, and a value of 1.6 was achieved in the variant A and a value of 1.9 was 

achieved in the variant B. In both cases of the basicity (B1) and basicity (B2) the slags in the variants A and 

B can be characterised as medium basic. We can also see in Fig. 3 and Fig. 4 the increasing trend of the 

effective distribution coefficient with the increasing basicity, when the highest effective distribution coefficient 

was reached only in the slag, which can be characterised as strongly basic. For achievement of an optimal 
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chemical composition of reduction slag the basicity (B1) should reach the value of at least 4.5, and the 

basicity (B2) the value from at least 2.5 to 3.0. 

The contents of easily reducible oxides are another monitored parameter. In this case it is apparent from Fig. 

5 that the average content for the variant A is 2.6 wt. %, and 4.02 wt. % for the variant B. It can be assumed 

that certain amount of these oxides is formed by partial deoxidation and by alloying of steel, while higher 

contents exceeding 3 wt. % indicate that removal of oxidation slag from the EAF was not perfect. This 

phenomenon was established also in the variant A, but especially in the variant B, as shown in Fig. 5, which 

is confirmed by the decreasing trend of the effective distribution coefficient of sulphur. 

The ratio of calcium-alumina C/A is the last monitored parameter. The optimal value of this parameter should 

be 1.7 to 2.3, since in the reduction calcium-alumina slag higher contents of Al2O3 are required, namely from 

approx. 25 to 30 wt. % [5, 7]. It is evident form Fig. 6 that both slags in the variants A and B achieve similar 

average values of 3.1 and 3.0, which can be explained by low Al2O3 content of approx. 15 wt. %. The results 

show also considerable scatter of the achieved values of the C/A ratio, which can be explained by the 

influence of other oxides in the slag affecting the contents of CaO and Al2O3. For optimization of the slag 

mode it would be suitable to make a targeted modification of the chemical composition of slags in order to 

obtain the optimum C/A ratio by deactivation of slag and by deep deoxidation of steel. 

4. CONCLUSIONS 

In industrial conditions of the foundry of the company UNEX a.s. a series of experimental melts with focus on 

the evaluation of the slag mode and steel desulphurization was performed with use of briquetted Al2O3 based 

fluxing agents. On the basis of the results obtained at industrial experiments it is possible to define the 

following findings: 

 the main part of desulphurisation took place during the reduction phase of steel production in the EAF 

in the range of 42 % for the variant A, and 39 % for the variant B, and the overall degree of 

desulphurization for both variants A and B reached 56 %. 

 the degree of desulphurization at the reduction phase was affected also by the chemical composition 

of the slag, which is influenced not only the by quantity of slag-forming additives, but also by residual 

oxidation slag, by wear of lining and by technology of steel deoxidation. 

 addition of slag-forming additives resulted in the variant A in the following average composition of the 

reduction slag: 47 wt. % CaO, 15 wt. % Al2O3, 21 wt. % SiO2, 13 wt. % MgO and 1 wt. % FeO. In the 

variant B following average composition of the slag was achieved: 45 wt. % CaO, 15 wt. % Al2O3, 

17 wt. % SiO2, 16 wt. % MgO, 1.5 wt. % FeO. 

 in all experimental melts an increased MgO content was observed, namely in the reduction slag A and 

B. It follows from the quaternary diagrams CaO-MgO-Al2O3-SiO2 that at the MgO content in the slag 

> 10 wt. % the melting temperature of slags increases, which can result in the change of viscosity and 

also affect the desulphurization ability of the slag mixture at the reduction phase of steel production in 

the EAF. 

 on the basis of comparison of the results achieved in the variants A and B it can be stated that the 

briquetted fluxing agent A55C15BW can replace the original fluxing agent based on metallurgical 

fluorspar. Furthermore, it can be stated that the results of both variants are comparable at dosing 

(fluxing agent : lime) at the ratio of 1: 5 and 1: 2 

 in the next stage of research the attention will be focused on confirmation of these operating results in 

order to optimise the slag mode at the reduction phase by using the following technological steps: 

removal of oxidation slag supported by deactivation of the slag aluminium skimmings (Al skimmings) or by 
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granulated aluminium (Al granular). Furthermore, it is appropriate to ensure a deoxidation of steel with 

use of aluminium rod (Al ingots) with an excess of deoxidising agent. This should increase the 

effectiveness of deoxidising agent (Al ingots), reduce burn-offs of alloying additives FeMn, FeSi and 

FeSiMn, and also increase the Al2O3 content, which can be used by lower dosages of the fluxing agent 

A55C15BW in the ratio of 1: 5. 

The obtained results represent data, which made it possible to map the ordinary slag mode in operating 

conditions. The results will afterwards used at the next stage of research for an optimization of the slag mode 

and for modification of the technology in the reduction phase of steel production in the EAF. 
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Abstract  

The paper presents the results of measurements which test steel purity achieved using the Single Spark 

Evaluation (SSE) method. It describes the possibilities of using this method  for the ways  in which it is 

possible to carry out the correction of the current technology of steel making in the production line of an 

electric arc furnace, ladle furnace and caisson (EOP-LF-VD) in the steel works of Vítkovice Heavy Machinery 

a.s. Increasing  steel purity and  all mechanical properties of steel can be achieved by means of technologies  

which use secondary metallurgy equipment. Controlling the production of melts in the secondary equipment 

affects mainly the quantity, size and morphology of inclusions.  

Keywords: purity 

1. INTRODUCTION 

The ever higher requirements for the attainment of the level of mechanical values as ductility, toughness or 

fatigue properties of steel increase the demands put on a manufacturer in seeking new technological 

procedures. One of the main potentialities on how to attain higher level of the mechanical properties of steel 

is improvement of the metallurgical purity. This can be attained by applying the technological procedures 

used in the secondary metallurgy that make it possible to influence the size, amount, and morphology of 

inclusions [1]. In the conditions of the Vítkovice Heavy Machinery, a.s. Steel Works, this is assured by the 

equipment for steel processed in pot furnace (LF) and the equipment for vacuum processing of steel in 

caisson (VD). The work was aimed at assessing the continuous metallographic purity as soon as when the 

steel is being produced in the electric gas furnace (EOP), in the follow-up pot furnace (LF) and - when 

vacuum processed in caisson - using the VD technology. It is also aimed at acquiring a general idea of the 

effect of the introduced detail technological procedures that are used to ensure metallographic purity.  

The metal samples were taken from the steel production process to be processed on the optical emission 

spectrometer that evaluates the analytical signal with resolution of each single spark using the Single Spark 

Evaluation (SSE) method. A part of the analytical signal is proportional to the average element content in the 

taken sample (conventionally, during the steel production process) while the other signal part corresponds to 

the concentration of element in the inclusion. The Single Spark Evaluation (SSE) method evaluates the 

information on the inclusion amount, type, any composition. The great advantage of SSE method is the fact 

that preparation of a sample for analysis on a spectrometer is identical to the disk-pin sample preparation 

method. The analyses of a standard test sample of a chemical composition of steel were extended by 20 

seconds only. The method took place in on-line manner. Depending on the chemical composition of 

produced steel, the emission optical spectrometer's software was set for the element analysis [2].  

2. STEEL SAMPLING PROCEDURE AND METHOD  

The samples  were taken from the pot manually using the immersion samplers of the disk-pin. The first 

sample designated as LF1 represents the start of steel processing technology on a pot furnace as well as 

mailto:martin.korbas@vitkovice.cz
mailto:libor.camek@vsb.cz
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the result of preliminary steel deoxidation in the pot after the slag-free tapping from the electric arc furnace. 

Once the start of sampling of each LF1 sample has been standardized, the attainment of 1580°C on LF was 

selected in this case. Given a specific time dwell associated with necessary heating of the tapped and 

deoxidated melt to this temperature there was a presupposition that a good concentration homogeneity of 

the melt is obtained together with a liquid, well mixed, newly generated alkaline slag. LF2 sample represents 

the condition of melt at the melt processing end in the pot furnace, the point where the main emphasis was 

put on the arrival at the slag melting mode. LP with a melt was prepared for consequent vacuuming of steel 

in the pot caisson using VD procedure.  Detail technological guideline determined predominantly the steel 

temperature before vacuuming, chemical composition of steel, slag parameters, and oxygen activity. The 

VD1 and VD2 samples were taken at the start and at the end of vacuum processing of steel in the pot. 

Sampling of VD2 sample was followed by 15 minutes of homogenization of a porous shaped brick with 

argon. The samples were taken from the melts produced according to two technological procedures. The 

samples from melts no. K58494, K58500, K58507, K58508, K58509, K58555 were taken according to the 

TS 1 technological procedure while the samples of melts no. K58489, K58495 were taken according to the 

TS 2 technological procedure - melts with C of min. 0.5 of weight %. 

Technological guidelines differ mainly in the preliminary steel deoxidation method in the teeming ladle after 

the tapping from the electric arc furnace. The other principles of melt control in the pot furnace and caisson 

are almost identical [2]. 

TS 1  

 into the teeming ladle before tapping of 2kg/t CaC2,  

 make final alloying of FeSi to 0.15 hm. % (steel in furnace without Si after oxidation),  

 in the production of higher carbon steels, e.g. C45, make final alloying with a calcinated anthracite  

 in the first third of tapping a steel into the stream of Al 0.3 - 0.6 kg/t depending on the quality of 

produced steel and on the melted content of C  

 after the admixture of Al, CaO + synthetic slag + FeMn (make final alloying to 2/3 of the final chemical 

composition)  

 alternatively, FeCr (it was not present in case of the monitored melts)  

 in the final third of the tapping time - 0.3 - 0.6 kg Al/t again 

TS 2  

 into the teeming ladle, given the production of high carbon steels, 3.0 kg/t CaC2 + min. 3,0 kg/t of 

calcinated anthracite 

 during the tapping of FeMn (to 2/3 of the final chemical composition) + CaO + synthetic slag before the 

end of tapping  

 0.5 - 0.7 kg/t Al depending on the melted content of C [2]. 

3. STEEL SAMPLE ANALYSIS USING SSE METHOD 

Optical emission spectrometry represents certain analytical methods that are based on the measuring of 

ultraviolet radiation emitted by the sample. Individual methods may differ in their spectrum excitation 

procedures, e.g. by using an electric spark, arc, glow discharge or, alternatively, laser. Optical spectrometers 

with a spark discharge are usually completed with circuits to assure a high-energy pre-sparking for a perfect 

melting of a sample on the sample's surface at the point of sparking. Excitation is performed at the area of 
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several tens of mm2 and it penetrates into a depth of a up to several μm. The radiation that is emitted by the 

sample is further processed by the optical and dispersion system depending on the wavelengths of individual 

elements. The wavelength is typical for each element and it represents a quality characteristic of radiation. 

We can read their intensities that are further converted into individual concentrations. 

New special technique in the optical emission spectrometry, Single Spark Evaluation, makes use of a 

statistical evaluation of individual sparks to determine soluble and insoluble fractions of elements in the 

sample to be analysed. It provides information on in quantity and chemical composition of inclusions. Unlike 

of the common analyses on the optical emission spectrometers where all the electric discharges are 

integrated. The Single Spark Evaluation technology processes individual spark discharges separately as 

depicted on Fig. 1 [3]. 

 

Fig. 1 Depiction of discharges using SSE technique (x-axis - impulses; y-axis - number of discharges)  

  

Fig. 2 Homogeneous representation of the results Fig. 3 Homogeneous and inhomogeneous 

representation of the results 
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Fig. 2 depicts homogeneous behaviour of the intensities of individual spark discharges. Individual spark 

discharges are illustrated on x-axis while the numbers of these discharges are displayed on y-axis. The 

distribution of acquired impulses can be 

approximated using Gaussian 

distribution. With a multiple of the 

standard mean-root-square error (3s, 7s) 

from the basic signal we will obtain a limit 

value for the quantification of impurities in 

a sample [3]. 

If the sample contains any 

inhomogeneity, higher intensity is 

measured than in the matrix element. 

This value will be demonstrated by 

formation of a high peak and the error 

from Gaussian distribution, that 

represents quantification of individual 

constituents, is detected. An example is 

given on Fig. 3 [3]. 

In case the high intensities of peaks are measured for more elements on the identical spark discharge that is 

illustrated on Fig. 4 we can say that specific spark discharge hit the area where an inclusion based on these 

elements is located. We can use a correlation analysis to identify which elements are present in the inclusion 

[3]. 

4. ANALYSIS OF READINGS 

 

Fig. 5 Average number of impulses for individual elements and melts LF1 
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Fig. 6 Average number of impulses for individual elements and melts LF2 

 

Fig. 7 Average number of impulses for individual elements and melts VD1 
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Fig. 8 Average number of impulses for individual elements and melts VD2 

The analysis of results that was carried out fails to correspond fully to the resultant composition of inclusions 

in the final product. This difference is caused by different rate of cooling of relatively small metal sample as 

compared to a multi-ton ingot. The analysis does not illustrate composition of inclusions and their size in the 

final product but the actual inclusion types and steel purity that are analysed during the LF, VD technological 

step. 

The sizes of analysed areas of small metal sample using SSE method were fully comparable to, for example, 

a micro-probe analysis. The total evaluated area for one sample is 80 fields that is equal to about 5 mm2. 

The results obtained using SSE method are based on the analysis of 2000 sparks. If any particles with 

composition that differs from the basic metal matrix are present in specific point the peaks of present 

elements are detected and it is possible to analyse their bonds then. 

The analyses are graphically represented on Figs. 5, 6, 7 and 8. 

Certain conclusions may be derived from the analyses and graphical representations of individual elements 

and melts from the technological steps of material's production flow: 

 The mutual contexts in contents and the amount of inclusions among individual samples for a melt or 

for individual technological steps LF1,LF2,VD1 and VD2 appear to be hard to define. 

 More frequent occurrence of AlO than AlCaO appears to be logical. 

 SSE method disallows analysis of the occurrence of MnS bond. 

 MnS is determined as MnS = S corr - CaS, where S corr is a summary content of the inclusions that 

contain sulphur. 

 The occurrence of AlN and TiN appears to be minimal. 

 Logical is CaS with its dominant bond of sulphur. 
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Fig. 9 depicts the development of a total number of detected impulses during individual technological 

operations for all the evaluated melts. In the total of detected impulses, these data correspond to the number 

of volume of inclusions in steel. The behaviour of detected impulses does not show a significant drop in the 

amount of inclusions as was expected in connection with the LF1 - VD2 steel processing procedure.  
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Fig. 9 Number of impulses with the LF1 - VD2 steel processing procedure 

What results from the graphical representation on Figs. 10 to 19 are certain dependences of individual 

inclusions measured by using the SSE method for individual melts where the numbers of impulses were 

converted into the relative coordinates. We attribute the development of chart on Fig. 11 in the LF 1 

technological operation to the processing error. 

 

Fig. 10 Relative frequency for individual elements of K 58489 melt 
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Fig. 11 Relative frequency for individual elements of K 58494 melt 

 

 

 

Fig. 12 Relative frequency for individual elements of K 58495 melt 
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Fig. 13 Relative frequency for individual elements of K 58507 melt 

 

 

 

Fig. 14 Relative frequency for individual elements of K 58500 melt 
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Fig. 15 Relative frequency for individual elements of K 58508 melt 

 

 

 

Fig. 16 Relative frequency for individual elements of K 58509 melt 
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Fig. 17 Relative frequency for individual elements of K 58555 melt 

Certain conclusions may be derived from individual analyses and graphical representations of elements and 

melts, the technological steps of material's production flow: 

 The mutual contexts in contents and the amount of inclusions among individual samples for a melt or 

for individual technological steps LF1,LF2,VD1 and VD2 appear to be hard to define. 

 More frequent occurrence of AlO than AlCaO appears to be logical. 

 SSE method disallows analysis of the occurrence of MnS bond.  

 The content of AlN and TiN appears to be minimal. 

 Logical is CaS with its dominant bond of sulphur. The remainder of sulphur is not identified and it is 

presumed to be present with the occurrence of  MnS. 

 The occurrence of CaO has mostly the descending character. 

 The total sulphur content has mostly the descending character. 

 A special feature is relatively imbalanced content of SiO. 

5. CONCLUSION 

In the last decade of improvements to the technological and metallurgical processes, the content of non-

metallic inclusions in the produced steel was reduced significantly, namely due to the application of the 

secondary metallurgy equipment. The LF - VD technology was employed in the conditions of our work. 

The performed work was aimed at testing the utilisation of SSE method in specific operating conditions. 

Extraordinary economical profits can be expected on condition of a reliable system of monitoring the 

continuous quantity and composition of inclusions as early as during the melt control. Possible occurrences 

of poorer steel purity could be partially or completely removed by the on-line technological intervention into 

the melt control. This ability to monitor, interpret and the capacity to respond in convenient and timely 

manner as early as when the steel processing is in progress should be allowed by the new Single Spark 

Evaluation technique employed in the optical emission spectrometry. 
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What accrues from the obtained results is the recommendation to distinguish composition of individual 

impulses and identify the correlations between individual elements in specific impulse. Also, what appears to 

be important is paying more attention to the differentiation of included peak. Further operating tests should 

be carried out for more significant number of melts. 
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Abstract 

The paper presents an example of testing the accuracy of the setting and evaluation of technological 

parameters of predicting steel quality. The system was checked during continuous casting of microalloyed 

steel in the equipment of concast of slabs. The intention was to choose such a sequence, melt and 

consequent 250x1530 mm slab, which within the framework of the given parameters of the system of quality 

prediction in the concast equipment, did not have any deviations from the specified standards for the steel 

quality produced. The samples were selected according to the cutting plan. Their chemical composition, 

microstructure and their local chemical composition in the area of central segregation were analyzed.  

1. INTRODUCTION 

The system of on-line model for prediction of quality, including the function for final release of the heat was 

implemented in the company EVRAZ VÍTKOVICE STEEL a.s. during commissioning of the CCM by the 

supplier of technology, i.e. the company MANNESMANN DEMAG HÜTTECHNIK in order to ensure 

monitoring and evaluation of technological parameters needed for prediction of steel quality on the slab 

CCM. Gradually, on the basis of the database collected from the manufacturing process data, the function of 

prediction model was continuously improved. Continuous improvement of quality requirements to the 

production of slabs has led to the need to develop a super-structure of large quality prediction system 

working in parallel in the off-line system (Litios), which works with the feedback based on the results of 

quality from the sheet rolling mill. 

2. EVALUATION AND CONTROL OF THE QUALITY OF CONTINUOUSLY CAST SLAB  

When the pouring ladle (PL) arrives to the CCM stand, operators on the CCM have at their disposal all 

information about the given heat. The system for monitoring of the heats at the steel shop (FLS) receives the 

basic information: 

 marking of the heat quality  

 heat number 

 mass of the heat 

 real chemical composition of the steel grade  

 required input temperature of the steel  

At the beginning of casting of the sequence and at the following casting of individual heats of the given grade 

the operators on the CCM set the casting speed on the basis of the actual measured temperature in the 

tundish (TU). They also carry out monitoring and evaluation of on-line evolution of parameters, which directly 

influence the quality of continuously cast slabs: 

 set and real values of the primary and secondary water-air cooling of slabs  

 set and real strand load of the mould and casting arc 

 mould scanning frequency  
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 set and real values of hydraulic thrusts on the slabs 

 surface temperature of the slab 

 achieved thermal model parameters [1] 

 achieved parameters of the on-line quality prediction model  

 achieved parameters and their deviations from the standards of the off-line quality prediction model 

Litios, which records approx. 400 parameters of the CCM per each 1 m of the slab length [2] 

3. CONTROL OF FUNCTION OF QUALITY PREDICTION SYSTEMS  

We deliberately chose the sequence, heat and then the slab with dimensions 250x1530 mm, of the grade 

11503 (ISO 630-80), which did not show within the set parameters of the quality prediction system on the 

CCM any deviations from specified standards for the produced steel grade. 

We then present examples from evaluation of some parameters, which are part of the function of prediction 

models, and which directly influence the quality of continuously cast slabs. 

3.1 Chemical analysis  

The input analysis of the chemical composition of the evaluated heats of the grade 11 503, presented in 

Table 1, is the basis for setting of CCM parameters before start of casting of the heat during the sequence. 

Table 1 Real chemical analysis of selected elements of the evaluated heat No. 10062  

Analysis 

wt.% 
C Mn Si P S Nb Al Cu 

 0.178 1.40 0.33 0.013 0.0017 0.024 0.039 0.045 

3.2 Control of casting parameters  

 

Fig. 1 Course of the required and real casting speed of the evaluated heat No. 10062 

Operators at the control centre check during the whole production flow the evaluation of the entered casting 

parameters. As an example, Fig. 1 shows the course of the casting speed of the heat No. 10 062 as it was 

Real Casting Speed 

 

Required casting speed 
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calculated according to the desired temperature in the TU, and the actual casting speed set by the CCM 

operator. 

3.3 Control of macro-structure - sulphur print 

Samples with a width of the examined slab were cut out, divided and numbered by serial numbers. They are 

shown in Fig. 2.  

For control of products quality and for possible analysis of defects a continuous standard assessment was 

carried out based on the standard sulphur print, which is used as a supplement to macro-etches. Possible 

occurrences of distribution of sulphide inclusions of the MnS type were investigated. Evaluation and analysis 

was performed by an independent certified testing laboratory. 

 

3.4 Control of the sequence casting sheet  

The next step was control of the achieved parameters of the sequence casting sheet. We verified besides 

the basic technical data also use of the specified refining and insulating powders in the tundish (TU) and of 

the casting powder in the mould. We evaluated also the temperature achieved in TU, the maximal 

temperature of the continuously cast slab from the monitored heat, and other records. 

 

Fig. 3 Sequence casting list 

 

Fig. 2 Sulphur print 

 

Evaluated heat No. 10062 

 

Measured temperature in the tundish 

 Heat number 
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3.5 Model for prediction character of internal and external surface defects  

The system of the quality prediction model, with the function for final release of the heat, was set by the main 

supplier of technology and it completes the resulting chemical analysis. Its use consists in prediction of the 

quality of internal and external surface defects on the primary slab. The measure of quality is the scale of 

from 1 to 9. Individual identification signs predict defects according to the parameters achieved during the 

whole casting process. Example of display is shown in Fig. 4, which shows the different types of defects: 

INE-exogenous inclusions, INI-endogenous inclusions SSC- sub-surface segregation cracks, HSC-half-way 

segregation cracks, CSC-centreline segregation cracks, SCR-surface cracks, SDO-surface defects-other, 

GEO-geometric defects and other related parameters. 

 

 

 

 

 

 

 

 

Fig. 4 Quality parameters of the primary slab 

3.6 Visual inspection of slabs 

Quality control personnel performed visual inspection of surface defects on the slab by standard procedures. 

The manner of inspection of surface defects required special working site for turning of slabs, which was 

carried out under the specified conditions with control ignitions on the slab surface. All the data were 

recorded in the information system. 

3.7 Visual inspection of sheets 

Quality control personnel performed visual inspection of surface defects on the sheets by standard 

procedures. The manner of inspection required that it was performed at the facilities of the sheet rolling mill. 

Each sheet was inspected, and if a non-compliance with the quality requirements is detected, that sheet was 

eliminated from the production flow of material. All the data were recorded in the information system. 

3.8 Quality prediction model Litios 

The quality prediction system Litios works in an off-line system with a feedback based on the achieved 

quality results from the casting machine, visual inspection of slabs and sheets. Fig. 5 shows an example of 

parameters evaluation during the casting, in the TU area of the casting machine, related to the casting speed 

and cooling parameters of the mould in the casting machine [2]. 

Heat quality 

 Heat number 

 

The quality prediction system 
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Fig. 5 Evaluation of the quality results 

3.9 Evaluation of composition and structure of the examined slab  

On the basis of selected sample from the investigated heat a cutting plan was devised, the scheme of which 

is shown in Fig. 6. Graphical marks on the image of the cutting plan for individual samples specify surfaces 

and positions of the slab, from which the samples were taken.  

 

Fig. 6 Sample cutting plan 

Complex chemical analyses of steel, focused on determination of changes in concentrations of selected 

elements across the slab thickness, were performed from the samples No. 1-3 and 5-7 (Fig. 6). Each 

analysis was made of the surface parallel to the slab surface at the pre-defined depth below its surface. The 

results are summarised in Table 2.  
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Table 2 Chemical composition of taken samples  

Sample No C S Mn Si P Cu Ni Cr Mo 

7913/1 0.18 0.0017 1.40 0.34 0.012 0.046 0.027 0.080 0.005 

7913/2 0.18 0.0018 1.40 0.33 0.011 0.045 0.027 0.080 0.005 

7913/3 0.18 0.0017 1.40 0.33 0.013 0.046 0.026 0.080 0.005 

7913/5 0.17 0.0017 1.40 0.33 0.014 0.046 0.027 0.080 0.005 

7913/6 0.18 0.0017 1.40 0.33 0.013 0.045 0.027 0.080 0.005 

7913/7 0.18 0.0018 1.40 0.33 0.013 0.046 0.027 0.080 0.005 

Sample No. V Ti Nb W Co As Sb Sn 

7913/1 0.006 <0.005 0.024 0.012 0.007 0.002 0.005 0.003 

7913/2 0.006 <0.005 0.024 0.012 0.008 0.003 0.004 0.002 

7913/3 0.005 0.039 0.025 0.012 0.007 0.003 0.005 0.003 

7913/5 0.005 <0.005 0.024 0.012 0.009 0.002 0.004 0.003 

7913/6 0.005 <0.005 0.024 0.012 0.008 0.002 0.005 0.003 

7913/7 0.005 0.031 0.024 0.012 0.009 0.002 0.005 0.003 

Sample No. Alsoluble Albound AItotal Nsplinters 

7913/1 0.038 0.001 0.039 0.007 

7913/2 0.038 0.001 0.039 0.007 

7913/3 0.038 0.001 0.039 0.007 

7913/5 0.038 0.001 0.039 0.007 

7913/6 0.038 0.001 0.039 0.006 

7913/7 0.038 0.001 0.039 0.006 

 

For control of micro-structure and local chemical composition in the zone of central segregation, and for 

determination of exact changes of concentration, we performed a WDX line analysis of selected elements 

from the zone of central segregation in the sample No. 4. The analysis of micro-structure was performed in 

the central and edge areas of the sample. At the same time we performed qualitative and quantitative 

analysis of composition of non-metallic particles in the zone of central segregation. Fig. 7 shows an example 

of the axial zone with segregations represented by dark contrast.  

 

Fig. 7 Visualisation of the axial zone with segregations represented by dark contrast .. 
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4. CONCLUSIONS 

The objective of the work was to test and analyse the reliability of function of quality prediction models in the 

continuous casting machine for slabs. Control of correctness of setting and assessment of technological 

parameters were performed at casting of a sequence, heat and then slab with dimensions 250x1530 mm 

from micro-alloyed steel of the grade 11503 (ISO 630-80). 

It followed from the obtained quality results of the examined slab, that the minimal deviations from the pre-

set standards of technological parameters during the casting corresponded to the predicted quality values of 

the continuously cast slab. No deviations from the pre-set values of prediction model system were found. 

The results were confirmed by the investigation on the sample from the slab 250x1530 mm, which did not 

show any significant differences in its chemical composition and micro-structure, including the central 

segregation. The contents of main and accompanying elements did not show any local tendency or 

dependence on the position, including the results obtained at local analysis in micro-volumes by use of 

wavelength dispersive analysis. 
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Abstract 

Metallographic purity of steel products is affected by many factors from chemical composition of input raw 

materials, their "purity", proper selection of production technology, preparation of production units and 

observance of all technical-technological operations to the actual casting and crystallization. This work deals 

with the effect of selenium on the final metallographic purity of material after it has been formed by open-die 

forging. Selenium was identified in MnS type inclusions, where it caused lower formability of these inclusions 

even in the case of a high degree of forging. This work was realized using the “Vacuum and overPressure 

Induction Melting furnace” (VPIM) which is constructed within the construction of the "laboratory for 

experimental verification of production technology of new materials", the construction of which is 

implemented within "Regional Material Technological Research Centre" No.: CZ.1.05/2.1.00/01.0040, or by 

research programme No. 6 called "Experimental verification of new technological processes for steel 

materials with higher quality parameters“. The laboratory shall be used in MATERIAL AND 

METALLURGICAL RESEARCH Ltd. for research and development of metallurgical processes in metal 

melts.  

Keywords: purity, selenium, formability, vacuum, 20MnMoNi55 

1. INTRODUCTION 

MATERIAL AND METALLURGICAL RESEARCH Ltd. (hereinafter referred to as MMV) designs production 

technologies and implements production of castings and ingots. The cast materials include low and high-

alloy cast iron, low, medium and high-alloy steels (e.g. super duplex steel), and last but not least metal 

chrome and nickel based alloys. This work discusses the results and experiences obtained during production 

of 20MnMoNi55, particularly the effect of selenium (Se), which modified by its low content MnS inclusions 

into unformable state. Inclusions consisting of Mn, S and Se were formed (MnSSe inclusions). 

2. GRADE PRODUCTION AT VPIM 

20MnMoNi55 grade material was produced on “Vacuum and overPressure Induction Melting furnace” 

(VPIM). Following melting, vacuum refining, alloying, and heating up to casting temperature and sample was 

taken for chemical analysis see Table 1. Then the caisson was opened and a heated mould assembly V2A 

with tundish was inserted. The caisson was closed again, the pressure was lowered to 100Pa and then it 

was filled with argon to 100kPa. When 100kPa pressure was reached, melt was cast from the induction 

melting furnace into the tundish and from that to the top of the mould assembly. 
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Table 1  Standardized chemical composition of material 20MnMoNi55, produced ingot, and verification 

analysis of forging 

20MnMoNi55 Units 
Standard [3] 

Furnace 
Forging after 

working  Min. Max. 

C [wht. %] 0.17 0.23 0.19 0.21 

Mn [wht. %] 1.20 1.50 1.38 1.36 

Si [wht. %] 0.15 0.30 0.24 0.19 

Mo [wht. %] 0.40 0.55 0.46 0.46 

Ni [wht. %] 0.50 0.80 0.70 0.72 

Cr [wht. %] - 0.20 0.16 0.16 

Cu [wht. %] - 0.12 0.08 0.083 

V [wht. %] - 0.02 <0.001 0.006 

Co [wht. %] - 0.03 0.004 <0.003 

Al (tot) [wht. %] 0.0100 0.0400 0.017 0.002 

Sn [wht. %] - 0.011 0.005 0.004 

As* [wht. %] - 0.015 0.003 0.004 

Sb [wht. %] - 0.007 0.002 0.003 

Se [wht. %] - - - <0.0100 

P [wht. %] - 0.012 0.005 <0.005 

S [wht. %] - 0.008 0.005 0.006 

N (tot) [wht. %] - 0.013 0.003 0.0031 

H2 ppm - 1 0.99 0.96 

O2 ppm - 20 20 17 

*Decreased by customer contrary to standard 

3. FORGING EVALUATION 

According to [1] and [2] material 20MnMoNi55 is used for boilers and pressure vessels. The actual use of the 

material shows that high demands are applied to it in terms of metallographic purity and strength. Table 1 

contains presentation of chemical composition of material 20MnMoNi55 and the produced forging. As is 

apparent from Table 1, the required chemical composition was achieved.  

The cast ingot was formed and worked into a 2900x250x72mm plate. The forging degree is PK=8. Metal 

samples were taken from the plate produced in this way to determine metallographic purity, sample No. H5. 

As is apparent from the first line Table 2 the permitted content of inclusions was exceeded - evaluated 

according to ASTM E45 method A. These were especially heavy inclusions exceeding several times the 

permitted values.  

Method ASTM E45 method A, which the customer required places inclusions into categories (from sulphides 

to globular oxides) according to the shape of the inclusion. Within analysis of formation of large inclusions, 

microanalysis of non-metallic particles was carried out and due to the typical EDX spectrum it was 

ascertained that those were MnS inclusions see 01 a 02. Based on this new information, evaluation was 

made anew on the original plate with sample marked H4, which regraded these inclusions from category D 

(oxides) to category A (sulphides), viz. Table 2. 
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Table 2 Maximum content of inclusions evaluated according to ASTM E45 method A 

 Type A 

sulphides 

Type B 

aluminates 

Type C 

silicates 

Type D 

globular oxides 

Requirement 2.0 2.0 1.0 1.5 

Plate (chemical composition of inclusions not 

known) H5 

0.0 1.0 >5 >5 

Plate (when it was ascertained that it was MnS) 

H4 

>6 1.5 - 1 

Samples from the 

plate after another 

forging 

H1 (PK) >6 2.0 - 1.0 

H2 (P) >6 1.0 - 1.0 

H3 (K) >6 1.5 - 1.0 

 

Under normal forming temperatures, MnS inclusions are easily formable and in metallographic analysis they 

should have an elongated shape and not circular shape. Therefore, a test was made when three metal 

samples were taken from the forged plate (H1, H2 and H3) for further forging, see 03. 

 
Fig. 3 The places where metal samples (H1, H2 a H3) were taken from the forged and worked 

plate 

The taken metal samples (Ø 70 mm, length 170 mm) were subjected to the following forging operations at 

temperatures 1150-830°C including specification of the degree of forging: 

 H1 - upsetting to Ø 99 mm (P1,6), elongation to 43x21x444 mm (K 4,2), where PK = 7.6, 

 H2 - upsetting to Ø 99 mm (P1,6), 

 H3 - elongation to 43x21x444 mm (K4,2). 

When forging was completed, metal samples were taken from each forging and the source plate to 

determine micro-purity according to ASTM E45 - method A. Subsequent metallographic analysis confirmed 

Fig. 1 MnS inclusions in material 

20MnMoNi55, in the case of ordinary 

inspection 

Fig. 2 Typical EDX particle spectrum from 01 
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that these inclusions are unformable, see 02. Therefore checking microanalysis of non-metallic particles was 

implemented with an extended EDX spectrum. The analysis confirmed that the non-metallic particles in 

sample H1 were primarily manganese sulphides. In these sulphide particles, a small amount of selenium was 

found, on average ca 5 %, see 03. Within the inspection, checking microanalysis with an extended EDX 

spectrum was performed which confirmed that the original plate (H4) contained MnSSe inclusions mostly on 

the surface of Al2O3, inclusions see 04. 

Table 3 The results of semi-quantitative RTG microanalysis of non-metallic particles in sample H1 (wht. %) 

Analysis No. Se S Mn 

1. 7.0 26.3 66.7 

2. 4.0 21.5 74.5 

3. 4.2 21.3 74.5 

4. 4.8 21.6 73.6 

5. 3.9 21.5 74.6 

Arithmetic mean 4.8 22.4 72.8 

 
 
 
 

 

Obr. 2           zv. 1500x 
 

Fig. 4 MnSSe inclusion with EDX spectrum of Al2O3 inclusions with surface formed by MnSSe 

Based on ascertained facts, an analysis was carried out of the content of selenium in the whole content of 

metal and not only in inclusions see Table 1. Unfortunately, determination of such a small content of 

selenium in the whole volume of metal is difficult and it was ascertained that the content was <0.0100 %. 

However, it was established that even such low content of selenium as this has a significant impact on 

morphology of inclusions and their formability.  

4. IMPACT OF SELENIUM ON MNS INCLUSIONS 

In general, selenium according to [4] with the content from 0.04 to 0.08 % affects the character, morphology 

and dispersion of non-metallic inclusions. This also has impact on mechanical and technological and 
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operational properties of steel. Selenium causes globularity of non-metallic inclusions, decreases ductility 

and also increases sensitivity to brittle fracture. Due to these properties, selenium affects elimination of 

occurrence of cracks (preventing their spreading) which occur in metallurgic defects. This further lowers the 

loss of metal to scrap. 

Selenium is a surface active element and as such it affects (improves globularity) on the shape of graphite 

particles, e.g. in the case of cast iron. It further decreases the speed of nitrogen absorption into steel, refines 

the grain, and minimizes porosity. It improves forming particularly rolling, because when selenium is added 

the structure of lattice edge is oriented in parallel with the direction of rolling. Selenium is also added to 

materials for the improving workability at higher speeds which is quite important today in the time or primarily 

CNC machining centres. [5] and [6] 

As selenium has the boiling temperature of 686 °C and unlike sulphur it is characterized by a metal bond, it 

is in gaseous form at liquid steel temperature and therefore its solubility in the liquid steel is minimal. Unlike 

sulphides, selenium compounds (selenides) are much less stable and therefore are formed mostly in solid 

steel on the surface of inclusions. 

5. CONCLUSION 

The implemented work, literature analysis and tests confirmed that selenium plays a very significant role in 

the morphology of inclusions which subsequently affects mechanical, structural properties and especially 

formability. Deposition of selenium on MnS inclusion surface completely prevented its forming into standard 

elongated shape and caused failing of the material in purity tests.  

Ordinary analysis of the content of selenium in steel proved to be difficult in standard production conditions. 

Therefore upon finding that MnS inclusion cannot be formed, it is necessary to carry out an extended 

checking microanalysis of non-metallic particles with an extended EDX spectrum. 
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Abstract 

This report presents some possibilities to reduce production scrap during steel casting production by the 

mean of the smelting mould method. Most of the time, standard ways of casting products finishing are the 

only possibility for the product to reach the required quality. By the mean of an advanced solution and from 

the quality control point of view, there appears the making up of a prediction concerning the occurrence of 

casting failures within the course of the material processing flow. On the base of statistical data 

determination methods for specially selected casting products types, it will be possible to consider the 

significance of each single nodal checking point. Thanks to the subsequent estimation and eventually to the 

refinishing of the checking methods, all of the conditions for a further reduction of undesirable scrap will be 

created and this, already within the course of the processing flow. This way, it will be possible to achieve a 

significant reduction of factory costs. 

Keywords: steel casting production, required quality, quality control  

INTRODUCTION  

The CIREX Company is a modern foundry plant producing steel casts. These are cast by the mean of the 

low-wax casting method. It produces high quality components for the automotive, technological and 

machinery industries. One of the most important domains of the company´s development consists in the 

production quality control which has been going through a continuous phase of permanent improving since 

its subsidiary company was founded in the Czech Republic in the year 1993. 

1. CURRENT STATE OF POOR QUALITY PRODUCTION CONTROL IN THE CIREX, S.R.O. STEEL 

CAST FOUNDRY PLANT  

The poor quality production control, whose integral part is the daily continuous checking of the entire 

production flow, is all of the company´s employees ‘scope of employment who can have some influence in 

this domain within a different extent. Information details concerning the poor quality production are not 

important for the manufacturer only but they are also sensitive pieces of information and this, for the 

customer above all.     

The poor quality production control current principle in the CIREX company begins by the occurrence 

recording of each individual cast at inter-operational production phases just as the wax patterns production, 

the ceramic treatment department for instance, and it finishes by the evaluation of the casts quality in the 

domain of identification and summarization of the casts defects within the frame of a given production lot. 

During the consequent and regular poor quality production results analysis, the working team´s task 

especially consists in examining the causes of the concrete defects origination. The presentation of the 

defects is a matter of fact and this, not only from the number of casts pieces point of view, but it serves also 

as an evaluation from the economical point of view. An illustration by the mean of the Pareto chart method 

for example does not have to be directly proportional to the number of casts from the poor quality production.  
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To improve the steel casts quality, some technical changes are proposed and consequently realized in the 

production at concrete production operations and this, for each precisely determined sorts of products. 

These products groups are subject to exceptional analysis and consequently to that, it is eventually decided 

to implement some recommended technological changes for production tests and after having been subject 

to a new evaluation, they are sorted according to these final decisions and are launched to batch production. 

2. THEORETICAL POSSIBILITIES FOR POOR QUALITY PRODUCTION CONTROL 

To evaluate poor quality production, it is recommended to proceed according to the below mentioned steps: 

A. Selecting the cast sort and the concrete defect. 

B. Analysis of the possible causes of the defect origination. 

C. Data collecting. 

D. Data analysis. 

E. Looking for the elementary causes of the cast defect origination. 

F. Creating a pattern for the defects prediction. 

2.1. Selecting the cast sort and the concrete defect 

The Pareto chart [1] is the most suitable method to determine priorities while solving a problem. By its 

application, there can be determined that only one group of factors - the significant minority - takes a share in 

the occurring poor quality production within a decisive extent. The resting part is called the effective majority. 

Method principles: 

 Defining the analysis points - selecting the process, the activity where it is necessary to increase the 

profit or effectiveness. It can concern for example complaints, incompliance in production, in 

administration, the products fruitfulness, etc.  

 Data collecting - for the analysis, it is necessary to obtain the suitable data concerning functioning and 

their values are recorded into a chart. 

 Data sorting - the obtained data are sorted according to the greatest occurrence, frequency, the 

greatest weight or according to any other criteria. However, they are always sorted from the greatest 

selected value to the smallest one. 

 Creating the Lorenz cumulative curve - this curve occurs by the cumulative summation of the values 

and their plotting into a graph. 

 Stating determination criteria - Pareto rule 80/20 or our own selected rule. 

 Identifying the main causes - plotting the line (80 %) on the Lorenz cumulative curve. Then, a vertical 

line is executed from it, and it separates the cases and causes which are necessary to be dealt with. 

Those which have the greatest influence on the results. 

 Stating corrective measures to remove or to develop the causes which create the most losses or at 

the contrary those which lead to an increasing of profit [1]. 

2.2. Analysis of the possible causes of the defect origination  

The causes and consequences chart is a possible graphical tool to be utilized for the analysis of the possible 

causes of a concrete defect origination - Ishikawa chart (Fig. 1). Team work is an essential condition to build 

up this chart, at best in the form of brainstorming [1]. 

Method principles: 

 Defining the problem - noticed on the right side of the surface and drawing the main horizontal line. 

 Determining the categories of the problem possible causes - material, installation, methods, people, 

environment, and management - main branch towards the horizontal line. 
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 Analysis of all the possible causes 

in each individual category + 

eventual decomposition of the 

causes cause. 

 Evaluating the most important 

causes - Pareto analysis by the 

mean of point evaluation [1]. 

2.3. Data collecting 

Data should be collected from the 

process currently in progress within such 

a time period so that all of the possible 

sources of variability could come into 

effect. That also means within the course 

of the ordinary operating personnel changes, of the production installations adjusting, during the regular 

maintenance operations and so on. [1]. 

The analyzed data suitable for the analysis can be those which are standardly recorded but there can also 

be collected new data, which are not led in general. They can result from a discussion within the frame of 

Ishikawa chart. 

2.4. Data analysis 

There are different methods how to analyze the needed data. While having a data statistical treatment, it is 

suitable to have a combination of numerical and graphical methods because the disadvantages of one of the 

methods can be compensated by the second one [1]. It is important to keep in mind all what the analysis 

should provide. At the beginning, it is necessary to determine if the data are going to be analyzed 

individually, the way they were recorded or if they are going to be configured, for example, according to the 

production batch. Under our conditions, the methods of Histogram, Box-Plot, the Ishikawa chart as well as 

the correlational analysis were utilized. 

2.4.1. Histogram chart 

Histogram enables to evaluate the data normality (symmetry), the distant values identification: 

 finding xmax and xmin; 

 calculating the variation interval  ; 

 determining the number of categories towards: 

a) n ˃ 100                   k=  

b) 40 ˃ n ≤ 100           k=  

c) n ≤ 40                      k= ; 

 calculating the categories width h=V/k; 

 selecting the lower limit x0 of the first category and dividing the files into categories; 

 determining the categories frequency 

 Creating and analyzing the chart [2]. 

 

 

 

 

Fig. 1 Ishikawa chart 
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2.4.2. Box-Plot Chart 

The Box-Plot Chart evaluates the symmetry at the end of dividing, identification of the distant values with 

another point of view in contrary to the chart: 

 Calculation of quantiles X25, X50, x75; 

 Calculation of the rectangle length R= x75 - X25 (quantiles range); 

 Determining the edges of the horizontal beams A= X25 - 1.5R 

               B= X75 + 1.5R; 

 Chart building illustrating the median; 

 Chart analysis [3]. 

2.5. Looking for the elementary causes of the cast defect origination 

On the base of the numerical and graphical analysis results and at the points where some deflections 

compared to the process have been detected, it is necessary to find and remove the problem elementary 

cause. In the best case, it is possible to avoid the repetition of the detected cause in the production process 

and this, even in the future. 

2.6. Creating a pattern for the defects prediction 

In the case that a relation between the monitored values and deflection in the process has been found out 

during analyses, then there is a real possibility to create a chart which could be really able to predict its 

future development.  

3. METHOD HOW TO SOLVE AND SET-UP THE PREDICTION OF STEEL CASTS DEFECTS 

OCCURENCE WITHIN THE COURSE OF THE MATERIAL PRODUCTION FLOW   

For the purpose of our solution and by the mean of Pareto analysis we selected a cast where the scrap 

proceeded steeply and where the financial loss was also high. One kind of defect distinctly appeared on the 

selected cast: un-burnt wax. 

The working team built up an Ishikawa chart by the mean of brainstorming and this chart helped to look for 

the potential causes of the defect origination. Among the most important causes of un-burnt wax, we 

recorded: 

 Wax quality; 

 Insufficiently smelt wax in the boilerclave; 

 Short time period of tree annealing before casting; 

 Tree incorrect structure; 

 Low casting temperature. 

Furthermore, a production detailed checking was proposed and this, at all of the individual production 

phases. 

We effectuated a basic analysis of the produced pieces as well as the poor quality produced pieces due to 

un-burnt wax as it is illustrated in the Table 1. The values mentioned in this table confirmed the step 

displacement of the poor quality production. Within the frame of a single production batch, it is possible to 

produce four pieces of poor quality casts and within the frame of another one, it can amount up to 322 

pieces. This only defect represented a financial loss exceeding EUR 6 000. 
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Table 1 Statistic analysis basic values 

Total amount  103 368 pieces 

Poor quality production - un-burnt wax      4 469 pieces 

Mean value           93.10  

Standard deviation           72.55  

 

        322 pieces 

 

           4 pieces 

Other analyses were effectuated: 

 By the mean of the chart, the 

poor quality casts number 

greatest frequency within an 

extent of 37-94 pieces of casts 

was demonstrated (Fig. 2) and 

this, within the frame od 18 

production batches (from a 

total amount of 48 production 

batches and within an extent 

up to 37 pieces within the 

frame of 12 batches.  

 By the mean of the Box-Plot 

method (Fig. 3), we can 

discern one distant value. The 

increased quantity of produced 

scrap was most probably 

caused by a greater 

production batch. On the base 

of available pieces of 

information concerning this 

production batch, no greater 

deviation has been detected. 

 The relation between the 

number of produced pieces 

and the number of poor quality 

produced casts is illustrated by 

the Fig. 4. The correlation 

coefficient between these two 

values is of 0.8 (Table 2). It 

consists in a strong linear 

relation. One can say that the 

greatest production batch is 

produced, the greatest the 

number of scrap there is. 

Generally taken, the number 

of poor quality pieces should 

decrease as the production 

batch increases. That is the 

reason why it will be 

necessary to deal with this 

relation in the future. 

Histogram
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Fig. 2 Poor quality casts number frequency within each individal 

production batch 

Box-and-Whisker Plot
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Fig. 3 Box-Plot 

Fig. 4 Correlations chart 
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Table 2 Correlations 

 Col_3 Col_4 

Col_3  0,8061 

  (48) 

  0,0000 

Col_4 0,8061  

 (48)  

 0,0000  

 By the mean of the Ishikawa chart illustration, the possible cause of the casts poor quality production 

emerged: wax quality. That is the reason why data coming from the wax department (Fig. 5) were 

analyzed. It consists in the following data: nozzle temperature (Col_12), left plate temperature 

(Col_13), right plate temperature (Col_14), filling pressure (Col_15), amount of scrap in the wax 

department (Col_16) and produced pieces (Col_17). 

Col_12

Col_13

Col_14

Col_15

Col_16

Col_17

 
Fig. 5 Correlations chart 

Table 3 Data correlation - wax department operation 

 Col_12 Col_13 Col_14 Col_15 Col_16 Col_17 

Col_12  -0,0389 -0,0035 0,2553 -0,5872 -0,5121 

  (22) (22) (22) (22) (22) 

  0,8635 0,9875 0,2515 0,0041 0,0148 

Col_13 -0,0389  0,9775 -0,3396 0,2300 0,2628 

 (22)  (22) (22) (22) (22) 

 0,8635  0,0000 0,1221 0,3032 0,2374 

Col_14 -0,0035 0,9775  -0,2986 0,1788 0,2213 

 (22) (22)  (22) (22) (22) 

 0,9875 0,0000  0,1771 0,4258 0,3223 

Col_15 0,2553 -0,3396 -0,2986  -0,2897 -0,1802 

 (22) (22) (22)  (22) (22) 

 0,2515 0,1221 0,1771  0,1910 0,4222 

Col_16 -0,5872 0,2300 0,1788 -0,2897  0,9189 

 (22) (22) (22) (22)  (22) 

 0,0041 0,3032 0,4258 0,1910  0,0000 

Col_17 -0,5121 0,2628 0,2213 -0,1802 0,9189  

 (22) (22) (22) (22) (22)  

 0,0148 0,2374 0,3223 0,4222 0,0000  
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Thanks to the correlation index calculation values (Table 3), there could be confirmed that there is a relation 

between the cooling plates as it was logically expected and there also appeared to be an evident relation 

between the number of produced pieces and the number of poor quality produced pieces manufactured 

during the wax department operation.  

4. CONCLUSION    

On the base of Pareto analysis, a concrete cast with a concrete defect was selected among the products 

final scrap and among each individual type. It consisted in un-burnt wax defect whereas the poor quality 

production value exceeded EUR 6 000. Furthermore, we utilized Ishikawa chart in order to find the possible 

causes to decrease poor quality production occurrence and to propose analyzing data in each individual 

production phases. Among the high scrap possible causes, we selected:  wax quality, wax insufficient 

smelting in the boilercave, short time period of tree annealing before casting, tree incorrect structure and low 

casting temperature. By utilizing statistical methods, basic statistic data concerning poor quality production 

could be found out. We found out some differences from minimal loss amounting to 4 pieces up to high loss 

amounting to 322 pieces of casts. By the mean of the Histogram, we detected the greatest frequency of poor 

quality production occurrence within batches in an extent of 37 - 94 pieces. The Box-Plot chart gave 

information concerning the distant value which was analyzed with such a result that it was the greatest 

production batch. The following correlation analysis revealed that an increasing number of produced pieces 

within a batch means an increasing number of produced scrap pieces too. It is also for this reason that it was 

decided to focus on the production from its first phase:  in the wax department. In this case too, we found out 

that the greatest amount of poor quality wax patterns was produced while having greater production batches. 

That is the reason why we will consequently focus our attention on precisely defined poor quality wax 

patterns.  

The correlation analysis was evaluated as the most useful as it enabled to calculate the relation between the 

inserted data within the frame of the production process and consequently, it offered the possibility to work 

with those data. Thanks to this method, the relation between data was revealed on the base of which a 

prediction chart with tolerance limits could be built up in the future and this should inform about eventual poor 

quality production.  

The advantage is that this method can be applied for a single selected defect or on a group of defects, where 

we are able to determine the same basic and elementary causes of poor quality production origination.  

If the process is stable and if suitable and sure data are available, we can utilize statistical analyses in the 

production process to look for the causes of the defects origination.  
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Abstract  

The main aim of investigations was to describe the influence of the electromagnetic field on the structure of 

grey cast iron obtained in the continuous casting process. To investigate the grey cast iron ingots, 

a continuous casting laboratory stand at the Foundry Department of the Silesian University of Technology 

was used. The stand contains continuous casting mold with inductor of rotate electromagnetic field. The 

research includes computer simulations of the continuous casting process, the real experimental tests and 

also the metallographic researches on scanning electron microscope and investigations of usable properties 

i.e. measurements of hardness and machinability. The results of the simulation and the analysis of the real 

experiment show possibility of unification of flake graphite morphology in cast iron structure, and distribution 

of hardness on cross-section of ingot and its machinability. The work presents method of unification of 

structure and properties, which are particularly important in continuous casting. Uniform morphology of flake 

graphite in structure of cast iron ingots for automobile industry is very important in viewpoint of machinability. 

Keywords: Manufacturing and processing; Casting; Cast iron; Graphite; Electromagnetic field; 

1. INTRODUCTION 

Increasing demands of modern industry requirements for the quality of the produced castings, force the 

foundry equipment manufacturers, technologists, and foundry metallurgists to constantly seek ways to 

optimize the parameters of the production process. 

One such process - constantly improving is the process of continuous casting, in which a number of factors 

(to a greater extent compared to other technologies for implementation) decide on the correct end result. 

Standard continuous casting lines are equipped with control and command systems, capable of producing 

continuous casting of different grades of steel, iron or non-ferrous metal alloys.  

The Foundry Department of the Silesian University of Technology in Gliwice carried out the work on the use 

of forced convection of liquid metal in the crystallizer installed on a continuous casting line. Effect of external 

factors (in particular the electromagnetic field) in the solidifying cast is presented among others in the work 

[1÷12]. 

For the purposes of the research a laboratory stand (shown in Fig. 1) for the continuous casting of cast iron 

ingots of a 20 mm diameter was designed and built, the stand consists of three components: 

 melting part (Fig. 1) consisting of a crucible induction furnace with the following parameters: maximum 

capacity of the furnace. 80kg, water inductor cooling in a closed circuit, continuously adjustable power,  

 casting part (Figs. 1, 2) consisting of a 20 mm diameter graphite crystallizer  and water cooling 

radiator operating in a closed circuit, equipped with water flow controls and temperature measurement 

system and a electromagnetic field inducer of the induction up to 100MT placed in the chamber of 

crystallizer water cooling. The radiator is made of stainless 1H18H9T. 

 manual and automatic pulling of continuous ingot part (Fig. 1) with the following technical parameters: 

the average speed of pulling the ingot 150-1500 mm/min, the possibility of regulating the speed of 

pulling in a series of manual and automatic traffic characteristics of the ingot pulling algorithm in 

automatic cycle: forward movement 5 - 15 sec, stop, backward movement 0.5 - 2 s, the ingot pulling 
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roller drive with a double set - pulling roll and an overdraft roller moved to and from the ingot 

by a pneumatic or hydraulic actuator (Fig. 1 pos. 4). 

 
Fig. 1 The continuous casting of cast iron stand in the Foundry Department of Silesian University of 

Technology: 1 - induction furnace, 2 - crystallizer, 3 - control system, 4 - ingot extraction system 

The proper conduct of the continuous casting process is affected by a number of factors such as 

temperature of metal in the furnace, the temperature of crystallizer water cooling, ingot pulling speed and 

specification (depending on the pulling algorithm [Table 1] ), the temperature at the outlet of the continuous 

casting crystallizer, the chemical composition of metal furnace, etc. 

The above-mentioned parameters can be classified into a group of necessary variables, but insufficient to 

obtain a grey cast iron ingot with a uniform microstructure of the cross-section. For this reason, the process 

of continuous casting of cast iron has been "enriched" with another group of parameters controlling the work 

of the inducer, which is an integral part of the casting part (with the crystallizer and the cooling system).  

The basic parameters include the intensity of the supply current I. The increase in the value of inductor 

current causes increases in the value of the magnetic induction B inside the crystallizer, which intensifies the 

mixing of the liquid metal in a crystallizer. Another parameter is the inducer voltage frequency f which allows 

maintaining a constant value of electrical current while regulating its power and force that enforces the 

movement of liquid metal F and consequently the speed of its rotation in the crystallizer. 

2. RANGE OF STUDIES 

The main objective of this study was to determine the effect of electromagnetic field on the structure of grey 

cast iron EN GJL-250 cast continuously. In order to determine the control parameters of continuous casting 

process, a series of computer simulations in ANSYS FLUENT program was carried out. Simulations were 

carried out on a simple two-dimensional model of the ingot-crystallizer shown in Fig. 5. To set up the 

simulation of the process the most realistic simulation environment conditions were selected [13÷19]. 

Solver 

• segregated, implicite, two-dimensional, unsteady, and absolute velocity formulation, 

Viscosity model 

• turbulent k-ε,  

Materials 

• grey cast iron GJL-250, 1H18N9T steel, graphite, 

Initial conditions 

• inlet ingot temperature = 1450 °C,  

• instantaneous speed of ingot pulling = 0,02 m/s. 

1 

2 

3 

4 
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Next, to simulate the prepared model (Fig. 5) ingot extraction algorithms have been proposed in Table 1, 

which summarizes the different times of the ingot movement forward, backward and stops. 

Table 1 Ingot extraction algorithms 

Movement type 
Movement time [s] 

A B C 

forward 
Forward 

movement 

only 

10 5 

pause 0,5 0,5 

backward 1 1 

pause 0,5 0,5 

The simulations allowed us to define the initial parameters of the actual process of continuous casting of cast 

iron. The Data was then used in the real process. Ingot samples obtained by continuous casting, were 

analysed on microscopic metallographic. Hardness and the machinability tests of samples were also 

conducted. 

3. RESULTS OF STUDIES 

18 simulations were preformed, which aimed to determine the temperature field as well as the shape and 

position of the front of crystallization. The paper presents the simulation results for algorithms B and C, 

recognized as the most optimal due to the location of the crystallization front and the temperature at the 

outlet of the crystallizer. 

 
Fig. 2 Model of ingot-cooler-crystallizer used in the program ANSYS FLUENT 12: 1 - cooler, 2 - crystallizer, 

3 - ingot 

In Figs. 3 and 4 simulation results are presented in the form of temperature field and the liquid phase 

amount corresponding to the algorithms B and C. The algorithm A results were omitted because they were 

not suitable for use in the real process of continuous casting, resulting in pouring liquid metal from the 

crystallizer. Simulations allow us to conclude that shortening the forward movement causes a displacement 

of the solid / liquid interface into the mould (i.e. in the direction of the furnace.) As a result of the 

crystallization front shifting, the temperature at the outlet of the mould was also lowered. 

a)  
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b)  

Fig. 3 Algorithm B simulation - model I (respectivly liquid phase amount and temperature field, a) forward 

movement after 75s, b)backward movement after 77s 

 

a)  

b)  

Fig. 4 Algorithm C simulation - model I (respectivly liquid phase amount and temperature field) a) forward 

movement after 80s, b) backward movement after 82s 

  

 

In Table 2 are presented the results of metallographic microscopic examinations of ingots, which were cast 

at velocity of pulling V = 700 mm/min. 
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Table 2  Microstructures of grey cast iron EN GJL-200 ingot after cast in continuous casting mould, which 

contains inductor of rotate electromagnetic field - non-etch microsection 

Sample 

specification 

Field of observation 

Periphery Half of radius In axis 

Electromagnetic 

field: lack 

   

Electromagnetic 

field: present 

B = 60 mT, 

f = 25 Hz 

   

Electromagnetic 

field: present 

B = 60 mT, 

f = 50 Hz 

   

Electromagnetic 

field: present 

B = 60 mT, 

f = 75 Hz 

   

Electromagnetic 

field: present 

B = 60 mT, 

f = 100 Hz 

   

4. CONCLUSIONS 

From the simulations in Ansys Fluent 12 following conclusions can be drawn: 

 the introduction of backward motion significantly affects the shape and position of the solid / liquid 

interface and temperature field in the ingot cross section, 
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 backward movement contributes to the crystallization front shifting in the direction of entry of metal into 

the crystallizer, 

 the shifting of the crystallization front and temperature field in the direction to the crystallizer entry 

allows for higher pulling speeds of the ingot. 

 The largest share of the liquid phase in the crystallizer, allowing the safe conduct of the casting 

process was obtained by extracting the ingot with the instantaneous speed of 700 ÷ 1000 mm / min 

while maintaining the temperature at the exit of the ingot mould at about 1000 ° C. 

Based on conducted studies following conclusions have been formulated: 

1) Selection of continuous casting parameters that ensure temperature of ingot after leaving the 

continuous casting mould about 1000C, allows to reduce defects in the form of fields of hard spots in 

structure of grey cast iron to about 1 %. 

2) The change of thermal conditions on the crystallization front obtained as a result of the influence of 

electromagnetic field forced convection of the solidifying metal in continuous casting mould, ensures 

complete elimination of the presence of fields of hard spots and leads to unification of flake graphite 

morphology from consideration of its shape and distribution. 

3) Increasing the unification of flake graphite morphology is favored by the influence of the 

electromagnetic field created in the inductor powered with a frequency of supply voltage 50Hz.   
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Abstract  

In the paper the results of the systematic study of binary iron - admixture systems are presented. The 

equations of the solidus and liquidus curves in the limit area adjoin to the melting temperature of Fe were 

recently computed. The values of distribution coefficients of admixtures in Fe give us informations about the 

segregation ability of the individual admixtures and impurity elements in iron by zone melting, normal 

freezing and casting. The correlation dependence of distribution coefficients of admixtures in iron on proton 

number of the admixtures was determined. The work was solved in the frame of the project TA CR No. 

TA03010161 „Experimental development of non-ferrous metals utilization for microstructure refinement in the 

production of steel ingots for forgings in the specific work”.  

Keywords: iron, binary systems, interaction, equilibrium distribution coefficient, segregation 

INTRODUCTION 

Crystallization from the melt is a process of transition of metals and alloys from the liquid state L (melt) to the 

solid state S (crystal), which is the subject matter of metallurgy from time immemorial. In this process, the 

width of the solidification interval together with the distribution coefficient k, which is a characteristic of the 

distribution ability of an admixture in the basic material partake, in a decisive way, in all crystallization 

processes in both the foundry practice at the solidification and crystallization of metals and alloys in casts 

and in steel plants at the solidification of ingots in moulds as well as in the continuous casting of steels and 

even in selective refining crystallization processes of preparation of high purity materials, such as the zone 

melting and directional crystallization (normal freezing) [1-3].Temperature and concentration conditions in the 

process of solidification of alloys may be evaluated by means of the corresponding solidus and liquidus 

curves of the binary diagrams or planes of poly-component alloys. The width of the solidification interval, i.e. 

the temperature difference between the liquidus TL and solidus TS for a given alloy composition shows that 

there is a two phase crystallization area in the thermodynamic equilibrium of the liquid and solid phases with 

different chemical compositions. However, the thermodynamic conditions of equilibrium at the state change 

are not sufficient because the kinetic factors decide about the commencement of state transformations 

themselves as well: temperature undercooling, concentration oversaturation, nucleation (the creation of 

crystallization nuclei), flowing in the melt, rate of the crystal growth… The kinetics of the growth of crystals 

include the transport of atoms through the ancient phase (melt), their jump to various types of phase 

boundaries in dependence on the temperature gradients, concentration undercooling and/or different 

diffusion processes in the liquid and solid phases. 

Segregation is a chemical micro- and macro-inhomogeneity, that appears as a result of the solidification 

selectivity in cast formations as micro- or macro-segregations. Generally we may say that it concerns micro-

inhomogeneity at the phase boundary connected with the segregation in alloys. Some variants of 

microsegregation phenomena occur even in the crystalline metal matrix, e.g. cells, dendrites - columnar 

(long-axial), equiaxial, globular (spherical), etc. The admixtures with effective segregation coefficients kef   1 

are largely concentrated in the node points of hexagonal cells as well as in the interdendritic areas. On the 

other hand, the admixtures with kef  1 enrich the axes of dendrites. 
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1. DISTRIBUTION COEFFICIENTS AT PRIMARY CRYSTALLIZATION 

The main material parameter for the distributing of admixtures between the liquid and solid phases (also in 

steels) is the distribution coefficient ko of the admixture B in the base element A defined as an isothermal 

proportion of the admixture concentration on the solidus curve XSB (at. %) to the concentration on the liquidus 

curve XLB (at. %) in the metal-admixture binary system: 

ko= XSB / XLB     (T = const.)          (1) 

The equilibrium distribution coefficient ko is greater or less than 1 according to whether the admixture 

decreases the melting temperature Tm
A of the base element (ko < 1) for eutectic diagrams or increases the 

melting temperature of the base element (ko > 1) for peritectic types of the binary diagrams A-B. 

To calculate the solidus and liquidus curves in binary systems we used the method elaborated the authors 

[1-3] by means of which these curves are expressed in the form of the second grade polynomials, especially 

in the region adjacent to the basic component A, to correspond the reality: 

TS = aS XSB
2 + bS XSB + Tm

A ,          (2) 

TL = aL XLB
2 + bL XLB + Tm

A,          (3) 

where Tm
A is the melting temperature of the base metal, in case of iron Tm

Fe = 1538 oC. The course of the 

curves is controlled in a thermodynamic way in the low concentration area [1-3]. In the function dependence 

of ko on the temperature or concentration, the course of the equilibrium distribution coefficient values ko = f 

(T,X) can be expressed by means of the parameters aS, bS, aL and bL  from equations (2), (3): 

ko = (aL XLB
 + bL ) / (aS XSB

 + bS)          (4) 

When extrapolating the solidus and liquidus curves into the dilute solution area (X  0), the limit value ko lim is 

expressed: 

ko lim= bL / bS,             (5) 

which is in most cases constant only in the limit area ΔT = Tm
A - T < 10 K.  

2. CALCULATION OF SOLIDUS AND LIQUIDUS CURVES IN IRON-ADMIXTURE SYSTEMS 

Originally, the equations of the solidus and liquidus curves for the iron-admixture systems (Fig. 1) as well as 

the distribution coefficients were published in works [1-6]. On the basis of new input thermodynamic data and 

available phase diagrams of the iron alloys [7-9], the authors revised them and the equations of the solidus 

and liquidus curves for 55 binary systems iron-admixture were newly calculated. These solidus and liquidus 

curves are entirely complying for the areas of the admixture low concentrations, i.e. for the area adjacent to 

the melting temperature of pure iron and they often put more precisely quite scattered or inaccurate 

concentration and temperature data and experimental values as well as different calculated or measured 

phase data in various compendia and elsewhere. If we want to perform model calculations of regression 

parameters, we have to know experimental data for both the solidus and liquidus curves. For some systems, 

e.g. Fe -Pr, -Pm, -Dy, -Ho, -Tm, -Lu, -U, the data about the solubility in solidus are not known and for 33 

other admixtures the diagrams Fe-admixture are not available yet. It has to be remarked that some other 

methods of the liquidus curves determination for steels can be found in the literature, they are mostly derived 

from experimental measurements [10]. 

3. DISTRIBUTION COEFFICIENTS OF ADMIXTURES IN IRON 

Using the regression parameters aS, bS, aL, bL of the solidus and liquidus curves, the limit values of 

equilibrium distribution coefficients ko lim for the admixture elements mentioned above were determined by 
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means of the both curves extrapolation into the very low concentration area by means of equation (5). 

Table 1 contains, besides the values ko lim, the values of distribution coefficients ko E,P for eutectic (E) or 

peritectic (P) temperature and in some cases for the temperature of the minimums on the solidus and 

liquidus curves (diagrams Fe-Cr, -Mo, -V, -W), so that a function dependence of ko on the temperature is 

expressed for each individual admixture in iron. Only five admixtures in iron (Tc, Ru, Re, Os, Ir) increase the 

melting temperature of iron and have the values ko >1. The majority of elements in iron have the equilibrium 

distribution coefficient ko < 1. These elements will be separated relatively easily by means of refining 

crystallization processes and they will always concentrate in interdendritic areas of solidifying crystals, it 

means in the last crystallizing portion of the mother melt. The more the value of the distribution coefficient of 

admixture in iron differs from unity, the greater the chemical inhomogeneities and wider solidification interval 

in the crystallizing steel may be expected. The created local concentration gradients among the dendrite 

axes and in the interdendritic areas of course also depend on the crystallization process kinetics and 

efficiency.  

Table 1 Parameters of solidus and liquidus curves and equilibrium distribution coefficients of admixtures in 

iron in the area of liquidus - solidus transformation. Input constants:  Tm
Fe = 1538 °C, ΔHm

Fe = 13806 J/mol 

System 
At. 
no. 

ko lim ko E,P 
XSB max 
(at. %) 

XLB E,P 
(at. %) 

aS bS aL bL 

Validity 
to T 
(°C) 

Fe-Ag 47 0.042 0.065 0.017 0.26 8793.2900  -445.3463  -3.1453  -18.4904  1533 

Fe-Al 13 0.90 0.87 51.2 60 -0.0690  -2.3099  -0.0510  -2.0692  1230 

Fe-As 33 0.21 0.36 9.5 24.2 0.1749  -75.3834  -0.5596  -15.7418  838 

Fe-Au 79 0.26 0.2 2.2 11 3.3058  -56.3636  0.4493  -14.7600  1430 

Fe-B 5 0.045 0.07 0.5 7.2 256.0000  -416.0000  -0.1745  -18.8736  1394 

Fe-Be 4 0.68 0.85 30 36 -0.1135  -9.0714  -0.1234  -6.1851  1165 

Fe-C 6 0.19 0.17 0.42 2.42 -43.0106  -84.2632  -0.7433  -15.9711  1495 

Fe-Ce 58 0.018 0.0085 0.1 11.7 -3118.9863  -1090.0153  0.6187  -19.1191  1399 

Fe-Co 27 0.88 0.81 14.9 18.5 0.0036  -2.5939  0.0127  -2.2908  1500 

Fe-Cr 24 0.90  1.00  21* 21* 0.0488  -2.2155  0.0385  -1.9992  1513 

Fe-Cu 29 0.67 0.66 6.6 10 0.2668  -9.4881  0.1275  -6.3751  1487 

Fe-Er 68 0.098 0.11 1.1 10 38.0165  -180.9090  0.2515  -17.8071  1385 

Fe-Ga 31 0.81 0.73 36 49.6 -0.2595  -4.5333  -0.1293  -3.6879  1037 

Fe-Gd 64 0.071 0.034 0.5 14.7 -113.3330  -259.3333  0.5188  -18.3404  1380 

Fe-Ge 32 0.59 0.72 19.2 26.8 -0.3041  -13.6186  -0.2237  -8.0545  1167 

Fe-H 1 0.28 0.32 0.56 1.7 -24.8848  -50.3502  16.2866  -6.5107  1502 

Fe-Hf 72 0.22 0.27 2.1 7.9 -0.4258  -69.9563  -0.4491  -15.2486  1390 

Fe-In 49 0.21 0.26 0.9 3.4 1.1111  -76.5555  -1.2654  -15.6976  1470 

Fe-Ir 77 1.19 1.19 2.5 2.1 0.1800  3.1499  0.2597  3.7403  1545 

Fe-La 57 0.046 0.025 0.2 8 100.0000  -410.0000  1.1364  -18.8409  1460 

Fe-Mg 12 0.62 0.51 0.64 1.26 1.8328  -19.9230  0.2476  -9.8358  1526 

Fe-Mn 25 0.68 0.78 10.05 12.89 0.2760  -9.2415  0.0945  -6.2600  1473 

Fe-Mo 42 0.74 1 24.8 24.8 0.1392  -6.9209  0.0676  -5.1448  1450 

Fe-N 7 0.1 0.08 0.15 2 88.8889  -180.0000  2.6621  -17.8242  1513 

Fe-Nb 41 0.29 0.32 3.1 9.8 -3.7903  -46.3145  -0.4816  -13.6474  1358 

Fe-Nd 60 0.078 0.053 0.8 17.2 62.3762  -233.3663  0.5647  -18.2007  1392 

Fe-Ni 28 0.79 0.73 3.5 4.8 -0.4762  -5.1905  -0.1861  -4.1065  1514 

Fe-O 8 0.05 0.05 0.028 0.58 182.2250  -362.2452  2.0542  -18.4328  1528 

Fe-Os 76 1.46 1.31 2.9 2.2 -0.2665  6.2901  -0.8866  9.2233  1552 

Fe-P 15 0.14 0.27 4.6 17.4 1.7422  -114.6387  -0.0704  -16.5599  1048 

Fe-Pd 46 0.47 0.50  3.3 6.6 1.2987  -22.4675  0.2216  -10.5537  1478 

Fe-Pt 78 0.72 0.64  2.3 3.6 -0.2007  -7.7993  0.0874  -5.5924  
1519 

 

System 
At. 
no. 

ko lim ko E,P 
XSB max 
(at. %) 

XLB E,P 
(at. %) 

aS bS aL bL 
Validity 

to T 
(°C) 

Fe-Pu 94 0.21 0.20  1.2 6 -35.7143  -72.1429  -1.3011  -15.1932  1400 
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Fe-Re 75 1.10 2.30  2.3 1 -0.3494  1.6731  0.1603  1.8397  1540 

Fe-Rh 45 0.68 0.67 2.9 4.3 1.4875  -10.1758  0.6848  -6.8981  1521 

Fe-Ru 44 1.04 1.10 5.5 5 -0.0182  0.6455  -0.0139  0.6694  1541 

Fe-S 16 0.042 0.01 0.18 18.4 -3203.9939  -432.7954  0.4601  -18.0306  1360 

Fe-Sb 51 0.15 0.14 5 34.6 -0.0746  -107.8996  0.0307  -16.6862  996 

Fe-Sc 21 0.059 0.089 0.64 7.2 44.7304  -306.7524  -0.9001  -18.3127  1360 

Fe-Si 14 0.60 0.9 27.8 30.5 0.0102  -12.7152  -0.1150  -7.6698  1193 

Fe-Sm 62 0.29 0.18 3.2 18 -3.9018  -47.8792  0.1790  -13.8583  1350 

Fe-Sn 50 0.27 0.25 8 31 0.3023  -53.0907  0.0569  -14.3006  1130 

Fe-Ta 73 0.45 0.22 1.8 7.9 -23.2627  -23.6827  -0.5354  -10.7067  1420 

Fe-Tb 65 0.061 0.055 0.6 10.8 79.1667  -305.8333  0.3944  -18.5445  1383 

Fe-Tc 43 1.05 1.06 15.4 14.4 -0.0282  1.0189  -0.0314  1.0767  1545 

Fe-Te 52 0.22 0.25 0.5 2 -16.0000  -68.0000  -1.9800  -15.0367  1500 

Fe-Th 90 0.055 0.10  0.7 7 220.0000  -334.0000  0.0940  -18.6580  1412 

Fe-Ti 22 0.35 0.62 10 16 1.0852  -35.6681  -0.1610  -12.6236  1289 

Fe-V 23 0.87 1.00 31 31 0.0052  -2.3786  -0.0053  -2.3520  1460 

Fe-W 74 0.83 1.00 4,4* 4,4* 0.3977  -3.7955  0.2519  -3.1358  1529 

Fe-Y 39 0.056 0.07 0.5 7 80.0000  -332.0000  -0.2738  -18.6547  1394 

Fe-Zn 30 0.63 0.27 10 36 -0.2531  -11.3383  0.0930  -7.1686  1400 

Fe-Zr 40 0.28 0.47 4.5 9.6 1.9111  -49.3653  -0.5645  -13.8907  1357 

Table 2 Segregation coefficients of admixtures in iron at the liquid - solid 

Element At. no. ko lim ko lim [2] k [11] k [12] Others  

H 1 0.28   0.32         

He 2 < 0.001             

Be 4 0.68 0.64   0.57       

B 5 0.045   0.05         

C 6 0.19   0.13   0.29 0.2   

N 7 0.1             

O 8 0.05 0.15 0.1   0.14     

Ne 10 < 0.001             

Mg 12 0.62             

Al 13 0.90 0.88 0.92 0.95   0.82   

Si 14 0.60 0.66 0.66   0.7     

P 15 0.14   0.13   0.18     

S 16 0.042 0.062 0.1   0.065   0.05 

Ar 18 < 0.001             

Sc 21 0.059             

Ti 22 0.35   0.27 0.37   0.51   

V 23 0.87   0.95 0.87       

Cr 24 0.90    0.95 0.92 0.97     

Mn 25 0.68 0.69 0.84 0.73 0.8     

Fe 26 1             

Co 27 0.84   0.9     0.71   

Ni 28 0.69   0.74 0.76     0.8 

Cu 29 0.78   0.56 0.7   0.44   

Zn 30 0.77             

Ga 31 0.81             

Ge 32 0.59 0.79   0.77       

As 33 0.21         0.5   

Kr 36 < 0.001             

Y 39 0.056             

Zr 40 0.28     0.19       

Element At. no. ko lim ko lim [2] k [11] k [12] Others  

Nb 41 0.29 0.37   0.37   0.25   

Mo 42 0.74 0.73 0.8 0.74   0.9   

Tc 43 1.05 1.03           
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Ru 44 1.04     1.03 1.3     

Rh 45 0.68   0.78 0.76 0.67     

Pd 46 0.47   0.55 0.52 0.51     

Ag 47 0.042 0.042           

In 49 0.21             

Sn 50 0.27 0.28 0.4 0.26   0.36   

Sb 51 0.15     0.26   0.12   

Te 52 0.22             

Xe 54 < 0.001             

La 57 0.046     0.047       

Ce 58 0.018 0.017   0.036       

Nd 60 0.078             

Sm 62 0.29             

Gd 64 0.071     0.041       

Tb 65 0.061             

Er 68 0.098             

Hf 72 0.22             

Ta 73 0.45 0.44   0.32   0.35   

W 74 0.83   0.9 0.86       

Re 75 1.10 1.10       2   

Os 76 1.46 1.41           

Ir 77 1.19 1.11           

Pt 78 0.72     0.78 0.66     

Au 79 0.26 0.36       0.32   

Rn 84 < 0.001             

Th 90 0.055             

Pu 94 0.21             

 

4. PERIODICAL DEPENDENCE OF DISTRIBUTION COEFFICIENTS OF ADMIXTURES IN IRON  

The graphical correlation dependence of equilibrium distribution coefficients of admixtures in iron on the 

proton number (see Fig. 1) was designed from the ko lim values (see Table 2) and other ko values taken from 

a number of original works [1-6,11-13]. A regular periodicity of ko values among individual groups of 

elements separated by the predicted ko values of the inert gases He, Ne, Ar, Kr, Xe, Rn (ko<<1), which form 

minimums in individual periods, is evident. The values ko
 of admixtures in iron form maximums in short 

periods, namely Be in the second period and Al in the third period. In this period there is an obvious 

descending progression of the ko values for Si, P and S on the decreasing branch, which shows an 

increasing distribution ability of these admixtures in iron. In the fourth period, iron itself forms the maximum 

(ko
 = 1), but most of the elements adjacent to iron have the ko values in the range from 0.6 to < 1. There are 

two maximums in the fifth period, a distinct maximum for transitive metals is formed by the values ko > 1 for 

Tc and Ru and another, lower maximum for Sn. The sixth period has one distinct maximum, again for the 

admixtures with ko > 1 Re, Os, Ir. As for the lanthanides (proton numbers 58 to 71), there are considerable 

scatters of the published ko values. With respect to their low solubility in δ-Fe, limit values for both the 

lanthanides and actinides in iron can be expected to be about ko
 < 0.1. 

An importance of the periodical dependence of ko on the admixture proton number consists in the fact that 

not only the values of distribution coefficients of admixtures in iron may be read from it and thus their 

distribution ability is defined, but also approximate values of distribution coefficients of the admixtures the 

binary diagrams of which have not been designed yet or are incomplete can be predicted. Distribution 

coefficients are essential material parameters of chemical inhomogeneities occurring as dendritic 

segregations after the primary crystallization even in low-alloyed steels. 
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Fig. 1 Periodical correlation dependence of the distribution coefficients ko
 of admixtures in iron in the area of 

the liquidus-solidus transformation on the admixture proton number 

5.  SEGREGATION PROCESSES ON THE FREE SURFACE AND ON THE GRAIN BOUNDARIES IN 

STEELS 

Segregation processes in steels play an important role when influencing the properties of metal materials at 

the processes taking place on the free surface, on the grain boundaries as well as at the phase 

transformations on various interfaces of the metal matrix [14]. 

These questions are gaining an increasing interest, especially in connection with 50 % returns utilized in 

steel making and the corresponding gradual increase of undesirable residual elements of non-ferrous 

metals, such as Cu, Sn, Sb, As and other foreign admixtures in steels [15,16]. It is possible to introduce two 

basic groups of these elements: 

 the first group includes the admixture elements occurring in the matrix solid solutions as 

substitutionally dissolved, let us name mainly Cu, but also other elements such as Cr, Ni, Mo. 

 the second group includes undesirable admixtures, admixture impurities segregating to the phase 

interface, of which Sn, Sb and As influence the segregation process development on the phase 

boundaries and/or on the grain boundaries, which is connected with the intergranular embrittlement. In 

addition, the phosphorus and sulphur influences superimpose simultaneously with the manganese and 

silicon effect. 

Furthermore, it is necessary to observe e.g. the steel predisposition to the surface crack creation at the hot 

forming, especially from the viewpoint of superposition of the phosphorus and sulphur effect, but also of the 

copper content increased above 0.2 wt.% in connection with the surface enrichment with copper, which 

stays, at the heating above 1065 °C, in the metal matrix as a molten phase if the limit solubility of copper in 

austenite is surpassed. 
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The elements that participate directly or indirectly in segregation processes in the solid state at the temper 

brittleness development can be classified as follows: 

 elements of IV.a , V.a and VI.a subgroups of the periodical system, 

 transitive metals. 

We can further divide the elements of IV.a to VI.a subgroups into a group of elements P, Sn, Sb and possibly 

As that produce the reversible temper brittleness most markedly and a group of elements of VI. subgroup O, 

S, Se, Te [17]. 

The first group has an ability to segregate on the Fe grain boundaries to a great extent and a degree of the 

grain boundary enrichment is even increased by the presence of transitive metals. Phosphorus differs from 

Sn, Sb and As in its ability to segregate in a greater amount and in a wider range of tempering temperatures. 

In addition, phosphorus is the only one of them that segregates markedly in austenite as well. 

More reactive elements of VI.a group are so called surface-active substances that are able to segregate 

markedly on the grain boundaries. This can only happen if they are sufficiently soluble in the matrix - steel. 

As for the commercial steels it is stated that the entire sulphur content is bound by manganese in MnS and 

that is why sulphur does not participate in the processes of reversible temper brittleness. However, it follows 

from the analysis of the results obtained up to now that at high temperatures corresponding to the 

austenitizing temperatures MnS dissolves partly and the liberated sulphur segregates on the austenite grain 

boundaries. 

The transitive metals that are used as alloying admixtures in steels and influence the character and amount 

of the harmful elements segregation are divided into those that support this segregation of harmful elements 

(Ni, Cr, Mn) and the elements that cause an interaction with harmful elements. This interaction leads to the 

precipitation of metalloids (e.g. P) and to a considerable decrease of its concentration in the solid solution or 

in consequence of this interaction the segregation phenomena kinetics is slowed down. This second group is 

represented e.g. by Mo, V, W a Ti. 

Theoretical treatments enable to calculate amounts of the elements segregated on the grain boundaries and 

concern both the equilibrium and non-equilibrium segregation. The equilibrium segregation is controlled by 

thermodynamic laws and it is temperature and time dependent. The non-equilibrium segregation is produced 

by a different mechanism, e.g. interaction of vacancies with foreign atoms in the lattice and „towing“ these 

couples to the grain boundaries. 

CONCLUSION 

The influence of crystallization and the phase interface stability on the micro- and macro- segregations at the 

iron primary crystallization were studied. Based on the systematic study of the course of the solidus and 

liquidus curves in the iron-admixture binary systems, new values of the equilibrium distribution coefficients of 

admixtures in iron for individual elements were presented. The periodical correlation dependence of 

equilibrium distribution coefficients of admixtures in iron on the admixture proton number was newly 

designed as the authors original contribution. In addition, some views of the segregation behaviour of 

admixtures at the processes taking place in crystallization and in the solid state on the free surface and on 

the grain boundaries in steels were summarized. 
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Abstract 

The paper deals with the results of measurements of oxygen activity (aO) in a cast iron with spheroidal and 

lamellar shape of graphite. The results were recorded in operating melts in the foundry of centrifugally cast 

rolls. The measurements were performed with a newly developed device for measuring of oxygen activity in 

the Celox-Foundry cast irons by HERAEUS Electro-Nite company with a special probe developed for (aO) 

measuring in cast irons. The changes of oxygen activity were recorded in the course of metallurgical 

processing in an electric induction furnace, before modification and also during the process of protruding of 

melt after the modification in ladle.  

Keywords: oxygen activity, cast iron, modification, metallurgical quality. 

1. INTRODUCTION 

The oxygen contents and contents of other gases in a molten iron significantly influence the mechanism of  

solidification of cast irons and formation of exogenic and endogenic gas bubbles (spines). Therefore, oxygen 

plays an important part in cast irons mainly in the formation of nucleus for graphite crystallization. Oxygen 

has positive, as well as negative effect in cast iron. In an excessive amount, it can cause gas holes or 

increased amount of slag and inclusions in castings. Positive effect of oxygen lies in the formation of nucleus 

phase of graphite in the form of oxides that support heterogeneous nucleation and stable solidification of 

cast iron. An intensive formation of graphitization nucleus takes place in the transition of melt into solid 

phase, mainly in the process of eutectic transformation. In this phase of solidification, an optimal amount of 

spare oxygen has to be available for the support of formation of nucleus.   

Oxygen activity supports the nucleation of nucleus on the basis 

of oxides that may be unstable at increased temperatures and 

may dissociate in certain conditions (temperature, time, 

viscosity of the melt) or coagulate and create an excessive 

amount of slag. With the drop of the melt temperature from the 

liquidus temperature, oxygen activity decreases until the 

beginning of the eutectic reaction. The decrease of oxygen 

activity is accompanied by formation of oxides. During an 

eutectic transformation there again occurs an increase of 

oxygen activity as a result of crystallization heat of eutectic 

reaction. [1,2] At a temperature of liquidus, the activity of 

oxygen increases as a result of heat release that is exuded 

from austenite while enriching of melt by carbon. This results 

into creation of good conditions for the formation of graphite 

nucleus. Measuring of oxygen activity is being used for 

conducting of the process of steel desoxidation in melting and 

casting of steel castings. Oxygen activities in molten steel 

usually range in the interval of 10 up to 100 ppm at 

Fig. 1 Dependence of oxygen activity 

(ao) in cast iron on the temperature and 

the standard measurement deviation ao. 

[3, 4] 
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temperatures of molten steel. These relatively high levels of oxygen activities are reflected in the accuracy of 

probes used for measuring (the ppm units). However, the oxygen activity in cast irons is 3 or 4 times lower 

than with steels depending on whether we measure oxygen activity in a cast iron with lamellar or spheroidal 

(granular) graphite (Fig. 1). For achieving of optimal metallurgical quality of cast irons it is necessary to 

manage and control the process of their production from melting of the charge in the furnace through the 

processing in the ladle (inoculation and modification) to pouring of cast iron into a mold. Nowadays, thermal 

analysis, wedge and ultrasound tests are used for the control of melt after melting in a furnace, or after 

processing in the ladle before pouring. These tests are usually time consuming to be performed and 

evaluated. The use of oxygen activities measurements in cast irons for the management of their 

metallurgical processing has been complicated by the fact that the oxygen activity in molten cast iron at 

temperature range of 1400 to 1500 ° C is relatively low (about 3-4 times lower than in steels) [3,4]. For such 

low oxygen activities it is necessary to use measuring probe with appropriate sensitivity [5, 6]. In order to 

determine the ao level at low oxygen activities in modified cast irons with spheroidal graphite, the Celox 

Foundry probes from the Electro-Nite company were used, with precision measurement in thousandths of 

ppm (0,001 ppm) [6]. The standard measurement deviation for the measured rate of oxygen activity ao=100 

ppb is 3.69 ppb (Fig. 1) 

  
Fig. 2 The shape of graphite in cast iron in dependence on the oxygen activity in cast iron ao (ppb). [4, 6] 

2. EXPERIMENTAL MELTS 

The aim of the analysis of operating melts was to evaluate the process of metallurgical processing of 

modified cast irons with spheroidal graphite used for the production of centrifugally cast rolls, on the basis of 

oxygen activity measurements. The oxygen activity measurement was performed in an electric induction 

furnace after melting, in the ladle after the modification and inolucion of iron core. A newly developed device 

Celox - Foundry by the HERAEUS Electro-Nite Company and special probes (with measurement accuracy to 

0,001 ppm) from the same company [6].  

2.1 Melts of Cast Iron With Spheroidal Graphite 

The modifications of iron with spheriodal graphite were performed in two ways. The melts 1 and 2 were 

modified by a core wire with a filling of pure Mg. The melts 3, 4, 5 were modified by an over-pour method 

with the help of the NiMg foundry alloy. The course of metallurgical processing of individual melts from 

melting to casting of metal from the ladle is recorded in Tables 1-5., where timing, activities´ rate and a brief 

description of metallurgical operations are recorded. For the analysis of the state of melt processed by 

magnesium, oxygen activities in a ladle were repeatedly measured (3 times to 4 times) in approximately five 

minute intervals. 
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Table 1 Melt No.1, GJS - core iron, T, Emf, ao, bo, the CW modification 

Serial 
Number 

Time 
(hrs) 

T mp 
(ºC) 

Emf  
(mV) 

ao 

(ppb) 
bo 

(ppm) 
Process, Note 

1 0:00 1514 -118,0 1223 3,1111 EIF - to melting 

2  - 1511 -106,7 1412 3,4885 EIF- To alloying 

3 - 1512 -130,0 1032 2,5624 EIF-  before tapping 

4 1:05 1399 -142,4   762 - Ladle  - after inoculation 

5 1:09 1339 -186,2   494 0,1536 Ladle  - after inoculation 

6 1:21 1395 -340,4     62 0,0370 Ladle after CW modification  

Table 2 Melt No. 2, GJS- core iron, T, Emf, ao, bo, the CW modification 

Serial 

Number 

Time 

(hrs) 

Tmp 

(ºC) 

Emf  

(mV) 

ao 

(ppb) 

bo 

(ppm) 

Process, Note 

1 0:10 1423 -333,1 56,3 0,0596 Pan after the CW modification  

2 0:13 1404 -340,0 58,5 0,0423 Pan after the CW modification 

3 0:19 1387 -339,8 66,9 0,0331 Pan after the CW modification 

Table 3 Melt No. 3, GJS-core iron, T, Emf, ao, bo, over-pour method, two furnaces 

Serial 

Number 

Time 

 (hrs) 

T mp 

(ºC) 

Emf  

(mV) 

ao 

(ppb) 

bo 

(ppm) 

Proces, Note 

1 0:00 1460,9 -21,7 4177,3 6,3366 EIF 2 - end of sintration,  
  

2 0:45 1479,0 -138,9 891,9 1,6248 EIF 2- after alloying, ending chemist  
 

3 0:46 1474,5 -112,7 1254 2,1785 EIF 1 - after alloying, ending chemist 
 

4 1:00 1414,7 -344,5 51,0 0,0457 Ladle after the modification by the over-pour 
O-P method 

5 1:02 1411,6 -330,5 63,3 0,0532 Ladle after the modification by the O-P method 

6 1:16 1361,0 -369,0 53,2 0,0151 Ladle after the modification by the O-P method 

7 1:19: 1350,3 -362,3 54,0 0,0143 Ladle after the modification by the P-O method 

Table 4 Melt No. 4, GJS-core iron T, Emf, ao, bo, irrigation method 

Serial 
Number 

Time 
(hrs) 

T mp 
(ºC) 

Emf  
(mV) 

ao 

(ppb) 
bo 

(ppm) 
Process, Note 

1 0:00 1462,2 -107,8 1270,1 1,3553 EIF - to melting 

2 0:20 1432,5 -142,8   763,6 0,903 EIF - after alloying, ending chemist  

3 1:21 1421,0 -326,6     62,3 0,0636 Ladle after the modification by the O-P method 

4 1:30 1391,8 -325,5     78,6 0,0435 Ladle after the modification by the O-P method 

5 1:42 1315,1 -366,2     79,5 0,0790 Ladle after the modification by the O-P method 

Table 5 Melt No. 5, GJS-core iron, T, Emf, ao, bo, irrigation method, two furnaces 

Serial 

Number 

Time 

(min.) 

T mp 

(ºC) 

Emf 

(mV) 

ao 

(ppb) 

bo  

(ppm) 

Metallurgical processing, the NiMg O-P 

method  

     1 0:00 1419,6 -110,2 1219,8 1,2146 EIP 2 - to melting 

2 1:11 1398,8 -109,7 1197,9 0,9573 EIP 2 - after alloying, ending chemist. 

3 3:15 1460,5 -125,8 1036,9 1,5666 EIP 1 - after alloying, ending chemist 

4 4:01 1420,7 -327,3     61,9 0,0628 Ladle after the modification by the O-P method 

5 4:11 1386,8 -349,0     58,8 0,0292 Pan after the modification by the irrigation 
method 

6 4:20 1347,5 -372,0     56,9 0,0119 Ladle after the modification by the O-P method 
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Fig. 3 Oxygen Activities ao (ppb) measured in time intervals after the modification 

 

Fig. 4 The measured rates of oxygen activities ao (ppb) depending on residual magnesium (%) 

 

Table 6 Chemical Composition (%) of melts 1-5 

The number of melt C Si P Sinit.  Sfin. 
Mgresidual 

Ladle  

Mgresidual 

Casting 

1 3,15 2,05 0,047 0,011 0,010 0,057 - 

2 3,2 2,16 0,039 0,015 0,007 0,049 0,051 

3 3,32 2,18 0,053 0,018 0,013 0,08 0,063 

4 3,14 2,17 0,048 0,017 0,010 0,044 0,025 

5 3,35 2,14 0,050 0,018 0,010 0,059 - 
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3. CONCLUSION 

In the case of metallurgical processing of modified core iron, oxygen activities after melting in electric 

induction furnace and in the process of standing of cast iron after the modification to casting were measured. 

The two modifications were evaluated - by a stuffed profile and three modifications by an over-pour method.  

Melt No. 1 - a record of one value of ao. 

Melt No. 2 - modification with a core wire was characteristic by an increase of ao from 56 ppb after the 

modification to 67 ppb (+19,6 %),  ten minutes from the modification in the ladle at the practically same rate 

of Mgresidual. 

Melt No. 3 - modification by an addition alloy of NiMg by an over-pour method. The melt was cast form two 

electric induction furnaces. Modification was characterized by an increase of ao from 51,0 ppb (+ 7,84 %). 

Melt No. 4 - modification by an addition alloy of NiMg by an over-pour method had an increase of ao from 62 

ppb to 80 ppb (+29 %). With the decrease of Mgresidual from the default content of 0,044 % to the final of 0,025 

% in a cast at the highest rate of ao= 80 ppb. 

Melt No. 5 - modification by an addition alloy of NiMg by an over-pour method. The melt was cast from two 

furnaces and modified in one ladle. The onset of modification reaction was manifested by decreasing oxygen 

activity in during standing. 

All the melts are collectively processed into the graph (Fig. 4) from which there is evident a relatively close 

relationship between oxygen activity and identified contents of Mg residue from the first modification and 

from the final content of Mg residue as well.  

From the evaluation of operating melts it can be concluded that the measurement of oxygen activity during 

the metallurgical processing of ductile cast iron allows a metallurgists in real time to determine the level of 

processing of iron after the metallurgical treatment that has been performed. 

The actual measurement (the immersion of a probe) and the current value of the oxygen activity are known 

in a matter of seconds, which allows for correction of any deviations from the desired state of iron before 

pouring it into the mold. 
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Abstract  

The spray cooling of stainless steel plates was studied using different orientations of the cooled surface. A 

1.5 mm-thick test plate was moved vertically or horizontally with a velocity of 3 m/s. Experiments were 

conducted with mist nozzles oriented either vertically with the spray flowing down or horizontally. The water 

impingement density was between 0.93- 9.68 kg m2 s-1. It was found that the heat transfer coefficient is 

similar for horizontally and vertically down oriented nozzles within the surface temperature range of 700-

900°C. The vertically down spray yields a higher heat transfer coefficient for surface temperatures below  

300 °C. Furthermore, it was observed that the Leidenfrost temperature is slightly higher for vertically down 

spray for lower water impingement densities. This shift of the Leidenfrost temperature was not observed for 

higher water impingement densities. 

Keywords: spray cooling, surface orientation, heat transfer 

INTRODUCTION  

Spray cooling technology for high temperature surfaces plays an important role in the metal production and 

processing industry. Especially in steel industry, spray cooling is used as a secondary cooling procedure in 

strip casting, for the final microstructure optimization after hot rolling and in some heat treatment processes. 

Although lots of articles deal with parameters which influence the cooling for example water temperature [1], 

surface hardness [2], water impingement density and pressure [3, 4] for vertically down oriented nozzles, the 

effect of the orientation of nozzles has not been thoroughly investigated and it is not known, if the results 

obtained for vertically down orientation are valid for the horizontal orientation of nozzles. Only a few papers 

[5, 6] deal with the influence of the orientation of nozzles on cooling. An Experimental study was conducted 

on a cylindrical plate of stainless steel of 12.5 cm diameter and a thickness of 2.5 cm in [5]. The local mass 

flux of the water was in the range of 1.5 - 6.6 kg s-1 m-2 and  nozzles were Spraying System Co. ¼ HHX-12. 

These experiments were conducted with a stationary plate. The results presented in [5] are: the heat flux is 

slightly higher for vertically down orientation of  spray compared to the horizontal orientation  and the 

Leidenfrost temperature is lower for horizontal spray  than vertically down flowing spray. 

This paper describes experiments, which were conducted with special mist nozzles with different 

orientations. The cooling of a 1.5 mm thick stainless steel sheet was investigated with nozzles both vertically 

and horizontally oriented. 

1. EXPERIMENTAL MEASUREMENTS 

The heat transfer coefficient measurements were made for two spray positions. In the first group of 

experiments nozzles were oriented vertically down and the test plate moved horizontally (Fig. 1). In the 

second group of experiments the nozzles were oriented horizontally and the test plate moved vertical 

direction (Fig. 2). The cooling was with special mist nozzles which used a large amount of low pressure air 

(up to 10 kPa) and water with pressure up to 6 bars. The cooling was with three rows of nozzles. The 

distance between each row was 330 mm and the distance from the nozzle orifice to the test sheet was 250 

mm. Three experiments, each with different water impingement density, were conducted in each group of 
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experiments. The water impingement densities were in the range of 0.93 - 9.68 kg s-1 m-2. Detailed 

information about tested parameters is shown in the Table 1. As it is known that water temperature has a 

significant effect on cooling [1], all experiments were conducted with the same water temperature 40 °C. The 

velocity of the movement was 3 m/s in all experiments. This velocity corresponds to the real situation in the 

steel mill. The temperature was measured with four thermocouples of type K, which were welded on the rear 

(not sprayed) side of the test sheet near the center. Each experiment was conducted with a new stainless 

steel test sheet with a thickness of 1.5 mm and dimensions 320 mm x 300 mm. The furnace, which heated 

the test sheet to 950 °C, was on the bottom (experimental apparatus for cooling with vertically down oriented 

nozzles) or on the top (experimental apparatus for cooling with horizontally oriented nozzles) of the 

experimental apparatus (see Fig 1 and Fig 2). The heating was conducted in the protective atmosphere to 

minimize the effect of the oxide layer [7]. After heating at the temperature 950 °C, the test sheet repeatedly 

passed with velocity 3 m/s through the cooling section (spraying nozzles) until it was cooled at the 

temperature 200 °C. Nozzles were connected to a manometer and through a pump with flow meter to the 

water tank with adjustable water temperature. The test sheet holder was equipped with a position sensor and 

data acquisition system (data logger), which recorded the information about the position of the test sheet and 

temperatures for each thermocouple with a frequency of 320 Hz.   

Table 1 Table of experiments 

Experiment 

Water 
impingement 

density 
[kg s-1 m-2] 

Water 
pressure 

[bar] 
Water 

Temperature 
[°C] 

   Air Flow 
Rate  

[m3h-1m-2] 

Spray 
Height            
[mm] 

Velocity of 
the 

movement 
 

 [m/s] 

Orientation of 
nozzles 

V1 0.93 0.07 40 °C 1497.5 250 3 Vertically down 

V2 3.48 0.2 40 °C 1529.5 250 3 Vertically down 

V3 9.68 1.3 40 °C 1204.4 250 3 Vertically down 

R3 0.93 0.07 40 °C 1497.5 250 3 Horizontal 

R4 3.48 0.2 40 °C 1529.5 250 3 Horizontal 

R7 9.68 1.3 40 °C 1204.4 250 3 Horizontal 

 

 

Fig. 1 Experimental apparatus for cooling with vertically down oriented nozzles 
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Fig. 2 Experimental apparatus for cooling with horizontally oriented nozzles 

2. RESULTS 

The measured temperatures were recomputed to the surface 

temperatures (sprayed/cooled side) at location of thermocouples by 

the inverse task [8]. An example of computed surface temperatures 

from thermocouples is shown in Fig. 4. The recording of the 

temperatures started about 8 seconds before removing the test plate 

from the furnace. When the test plate passed through the cooling 

section the temperature dropped and when the test plate was 

outside the cooling section the measured temperature remained 

almost steady or increased (Fig. 4). The heat transfer coefficient was 

computed by the inverse conduction algorithm [9].The average heat 

transfer coefficient (average value over the length of the cooling 

section (660 mm) from all thermocouples) was computed for all 

measured experiments. The comparison of them is shown in Fig. 5. 

The nozzles orientation was vertically down in experiments V1, V2 

and V3. The orientation was horizontal in experiments H1, H2 and 

H3. Experiments H1 and V1 (similar for H2, V2 and H3, V3) differed 

only in orientation of nozzles. It is evident, that the heat transfer 

coefficient for nozzles orientation vertically down is similar or greater 

than for horizontal orientation in the film boiling regime (700-900 °C).  

Only experiments conducted with water impingement density 3.48 kg s-1 m-2 (V2 and H2) do not satisfy this 

presumption, but the difference of the HTC between H2 and V2 is not so high and can be explained by the 

error of measurement, which is around 10 %. This is shown in Fig. 6 (left), where the average value of the 

HTC was computed for the temperature range of 700-900 °C. This temperature range is well above the 

Leidenfrost temperature, where the surface is protected by the vapor layer. This vapor layer protects the 

surface before spraying water and minimizes the effect of nozzles orientation. The nucleate boiling regime 

show a different situation, which occurs approximately between 100 °C and 300 °C for these experiments 

(see Fig. 6 - right). The hot test plate is directly wetted by the spraying water. The water layer, which creates 

on the surface, increases the heat transfer coefficient for nozzles orientation vertically down. 

Fig. 3 Photo of experiment - 

horizontal orientation of nozzles 
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Fig. 6 Average value of The HTC in the film boiling regime (left) and in the nucleate boiling regime (right) 

 

The comparison of the influence 

of the orientation of nozzles on 

the Leidenfrost temperature and 

Critical heat flux is shown in 

Fig. 7. The Leidenfrost 

temperature is defined as the 

temperature at which the 

character of boiling changes. 

Film boiling is changed into 

transition boiling. The 

Leidenfrost temperature is also 

defined as the temperature at 

which the heat flux reaches a 

minimum on the Nukiyma’s 

boiling curve [10]. When the water impingement density is small (H1, V1), the Leidenfrost temperature is 

lower for horizontal orientation of nozzles. This result matches with the result presented in [5], where the 

water impingement density is also small. The Leidenfrost temperature is smaller for vertical down orientation, 

when the water impingement density is high. The critical heat flux, which is defined as a maximum heat flux, 

was higher for vertical down orientation (see Fig. 7 - right). 

 

Fig. 4 Dependence of HTC on the Surface Temperature 
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Fig. 5 Example of computed surface temperatures 
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Fig. 7 Leidenfrost temperature (left) Critical heat flux (right) 

3. CONCLUSION 

Experiments with different orientation of mist nozzles were conducted. It was found that the heat transfer 

coefficient for nozzles orientation vertically down is similar or greater than for horizontal orientation in the film 

boiling regime (700 - 900 °C). The heat transfer coefficient is higher for vertical down orientation of nozzles in 

the nucleate boiling regime (100 - 300 °C). Furthermore, it was observed that the Leidenfrost temperature is 

influenced by the orientation of nozzles. The Leidenfrost temperature was slightly higher for horizontal 

orientation for higher water impingement densities. The Critical heat flux was higher for vertical down 

orientation of nozzles. 
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Abstract 

The microstructure of Fe-B alloys containing different boron and neodymium concentrations were 

investigated. The solidification microstructures of Fe-B cast alloy consist boride, pearlite and ferrite. Borides 

grow up along the grain boundary of austenite during the formation of eutectic. The results showed that the 

addition of neodymium caused a reduction of cell size and decreased the thickness of borides. However, 

neodymium addition at higher content (> 0.5 wt. %) in batch leads to no further reduction of cell size 

Keywords: High boron cast iron, neodymium, microstructure, thickness of borides 

1. INTRODUCTION 

Current white cast irons exhibit excellent wear property, have low fracture toughness and are only used in 

those applications where a limited amount of impact occurs [1, 2]. The invention of high chromium white cast 

iron was considered a breakthrough, as its toughness was increased compared with white cast iron, which 

attributed to the improvement of carbide morphology. The matrix of high Cr white cast irons can be 

transformed into martensite by heat treatment; and the carbides are embedded in the martensitic matrix, 

hence, high Cr white cast iron has the appropriate toughness and excellent abrasion resistance [3, 4]. 

Fe-B alloy has high hardness and excellent wear resistance. Its impact toughness and fracture toughness 

are higher than those of white cast iron. The application of Fe-B alloy in high impact work condition is useful 

for the reduction of material consumption due to its high abrasion resistance and toughness. However, there 

exists an interconnected network of boride, which is not favourable to the improvement of the strength and 

toughness of Fe-B cast alloy. Gou [5] found that solubility of boron in iron can be changed with the addition 

of other elements such as Cr, Mo and V.  Also Ma [6] found that the addition of Cr changed significantly the 

toughness of boride particles (Fe, Cr)2B in the system as well as mechanical properties of the matrix [7].  The 

significant effect of chromium in abrasive resistance and higher toughness contributes to wear resistance [8]. 

Generally, studies [9, 10, 11, 12] have shown that heat treatment of Fe-B alloys has 1 wt. % of boron. If the 

heat treatment is applied, the matrix of high boron cast steel transforms according to Fe-C system. But short 

time of heat treatment does not affect the shape of borides. A long time destabilization heat treatment has to 

be applied to change the morphology of borides and to influence secondary precipitation mechanism in 

matrix [13]. Also, forging leads to a change in the morphology of borides [14]. Addition of suitable amount of 

titanium and cerium rare earth changes the morphology and distribution of the eutectic borides in low carbon 

Fe-B cast steel increasing the overall mechanical properties [15]. 

This study aims to obtain a low carbon Fe-B cast steel that possesses granular boride structure through the 

addition of neodymium. In this study are discussed low carbon Fe-B cast steel with a different amount of 

neodymium. 

2. EXPERIMENTAL PROCEDURE 

The alloys used for this investigation were melted in a vacuum medium-frequency induction furnace of 

capacity 100 g. The alloys were poured at 1,650 °C into graphite mold (Fig. 1a) which was preheated up to 

mailto:choteborsky@tf.czu.cz
mailto:stunova@fs.cvut.cz
mailto:kolarikova@fs.cvut.cz
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300 °C. The baths of metal were composed of steel wire (30 grams), ferroboron (0.8 and 1.6 grams) and 

Nd2Fe14B (0.1, 0.2, 0.4, 0.8, 1.6 grams of Nd). The chemical compositions of the alloys are shown in Table 1. 

Ingots were cuts as shown in Fig. 1b. These samples were cast in metallographic resin, grinded by diamond 

disk and polished by OPS suspension. The samples were etched by Klemm I solution (supersaturate liquid 

solution of Na2S3O3 in water + K2S2O5) and optical metallography were used for observation.  

Table 1 Chemical composition of experimental alloys (wt. %, EDX analysis) 

Alloy Si Mn Cr Nd Fe + C + B Cell (m2) SD (m2) T (m) SD (m) 

1 <0.3 <0.4 1.1 - Rest. 274 31 1.52 0.46 

2 <0.3 <0.4 1.15 0.11 Rest. 257 29 1.09 0.31 

3 <0.3 <0.4 1.1 0.32 Rest. 203 24 0.85 0.17 

4 <0.3 <0.4 1.05 0.45 Rest. 168 9 0.67 0.13 

5 <0.3 <0.4 1 0.65 Rest. 146 10 0.57 0.19 

6 <0.3 <0.4 1.05 1.5 Rest. 148 11 0.55 0.12 

7 <0.3 <0.4 1.15 - Rest. 236 17 1.95 0.88 

8 <0.3 <0.4 1.1 0.07 Rest. 193 21 1.94 0.57 

9 <0.3 <0.4 1 0.3 Rest. 166 6 1.71 0.69 

10 <0.3 <0.4 1.05 0.38 Rest. 127 9 1.44 0.61 

11 <0.3 <0.4 1 0.74 Rest. 88 9 1.16 0.53 

12 <0.3 <0.4 1.1 1.63 Rest. 81 11 1.32 0.47 

 

  

a) b) 

Fig. 1 Schema of graphite casting mold (a) and metallographic specimen (b) 

Evaluation of microstructure was determined from thirty pictures of each sample according to procedures as 

shown in Fig. 1b (with 500 times magnification). Positions of picture were from core of ingot to their surface 

presented by black arrows in Fig. 1b, first picture was created 1 mm from the core cast and last picture was 

created maximal 2 mm under surface. The thickness of boride was measured using picture analysis software 

(QuickPhoto Industrial 2.3) as shown in Fig. 2c. Each image was determined number of cells and mean area 

A of cells was calculated by equation (1). 

,          (1) 

 

where N is number of cells, Aimage is total area of image, n is number of images and R is volume of cells. 

A general linear method was used for statistical evaluation.  
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NdwtBwtareacell %.270%.112317 

NdwtBwtboridesofThickness %.69.1%.81.1606.0 

  
a) b) 

 
c) 

Fig. 2 Real microstructure of alloy no. 1 (a), alloy no. 5 (b) and schema measured thickness of boride (c) 

3. RESULTS 

The as-cast macrostructures of high boron cast iron and microstructures are shown in Fig. 1b and Fig. 2a 

and Fig. 2b. It can be seen from Fig. 2 that the high boron cast iron comprises a borides continuous 

network. The matrix is made up of martensite and a small amount of ferrite and the ferrite is mainly 

distributed in the boundary of cells. It can be seem that peritectic reaction leads to increasing carbon content 

in borides which explains the reason why there is no effect of martensite around borides. 

Between both groups of samples with different content of boron have significant differences of mean area A 

and differences thickness of borides presented in Fig 3. It was found that increasing cell size grows 

thickness of borides. Neodymium was used as an addition element for changes number of nuclei in liquid 

state. The results show that neodymium has significant effect on number of nuclei as a result of cell size 

reduction. But a higher content than 0.5 wt. % in batch leads to no further reduction of cell size. The effect is 

seen in Fig. 4 and Fig. 5. In Fig. 4 is presented dependency between thicknesses of borides and weight of 

neodymium content for both groups of samples. Dependency between cell area (m2) and content of boron 

and neodymium (to 0.6 wt. %) in batch is described by equation (2), R2=0.96, F=67, p<0.001. 

      (2) 

 

In Fig. 5 is presented dependency between cell size and weight of neodymium content for both groups of 

samples. It is seen that effect of neodymium independent on boron content and reduction of cell size is 

similar for both of groups of samples with different boron content. The same tendency can be objective for 

mean thickness of borides. Dependency between thickness of borides and content of boron and neodymium 

(to 0.6 wt. %) in batch is described by equation (3), R2=0.95, F=48, p<0.001. 

    (3) 
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The results are important for the development of 

wear resistance of high boron cast iron. These 

alloys can be forged and heat treated [14] and lower 

thickness of borides is useful for better forging. 

Lower cell size leads to alloys with higher wear 

resistance because of homogeneity of hard phases 

in the metal matrix and size of the hard phase 

according to Badisch’s [16] and Polak’s [17] results 

showed significant influence on wear resistance of 

alloys. 

Based on the results obtained, it can be prepared 

samples for analysis of abrasive wear resistance. 

These samples can be expected at different 

microstructure of metal matrix.     

 

 

 

 

CONCLUSION 

The present work investigated the effect of neodymium on the microstructure of the high boron cast steel. 

The main conclusions include the following: Thickness of borides in alloys was reduced by neodymium in 

batch.  

Optimal content of neodymium in the batch was 0.5 wt. % and at higher content there was no reduction of 

cell size and thickness of borides. 

Fig. 3 Relationship between thickness of borides 

and cell area 

Fig. 4 Effect of neodymium content in baths on 

thickness of borides 

Fig. 5 Effect of neodymium content in baths on 

cell area 
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Abstract 

The 17-4P.H. stainless steels also called “half austenitic“ are used especially in manufacturing high speed 

aircrafts and missiles and because those devices are running at temperatures over maximum value allowed 

for the high resistance alloys with aluminium and manganese (over 200 C). 

The same stainless steels can also be used in manufacturing hydraulic machineries subjected to intense 

cavitation erosion. They combine the most attractive properties of austenitic steels (weldability and 

deformability) and martensitic steels (high mechanical and cavitation erosion resistance). Their modification 

can be obtained through a solution quenching followed by aging. 

The present research examines the effect of various solutions quenching temperatures (950 C respectively 

1050 C) upon the cavitation erosion behaviour of steels with 17 % Cr, 4 % Ni, 2 % Mo, 2 % Co, 2 % Mn. 

The cavitation erosion tests were carried out in a vibratory facility with piezoceramic crystals. The eroded 

surfaces were analyzed, after different testing times, through optical and scanning  electron microscopy. 

Keywords: 17-4 P.H. stainless steels, cavitation erosion, microstructure 

1. REQUIREMENTS IMPOSED FOR 17-4 P.H. STAINLESS STEELS 

The stainless steels with controlled transformation from the 17-4 P.H. group, also called ”half austenitic” 

stainless steels combine the most attractive properties of austenitic steels (weldability and deformability) and 

martensitic steels (high mechanical resistance). Their modification can be obtained though a heat treatment 

after technological processing. 

The main requirements imposed for such a steel are the following [5]: 

 a softening treatment (hardness up to 200 HV) to be possible by forming a predominantly austenitic 

microstructure technology to facilitate technological processing; 

 martensitic transformation to be achieved by a relatively simple treatment that does not involve 

heating to high temperatures with adverse consequences on the phenomena of oxidation and 

deformation of parts; 

 the steel must have a limited amount of ferrite  to allow a positive response to the primary aging heat 

treatment; 

 to be able to obtain a wide range of mechanical resistance by applying relatively simple heat treatment 

at a moderate temperature; 

 good ductility and toughness characteristics both in terms of the softening and hardening treatment; 

 a good metallurgical behaviour at welding, the weld metal and heat affected zone to respond in a 

manner similar to the base metal; 

 good resistance to intercrystalline corrosion, tenso-cracking and cavitation erosion. 

Many of these demanding requirements are contradictory and therefore in practice are required some 

compromises [3]. 
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The main objective to be pursued in this paper aims at optimizing the heating temperature for implementing 

such a solution which has the starting point martensitic transformation Ms situated near room temperature 

and at which the ferrite  content is limited on first, to obtain mechanical properties as high and good 

resistance to erosion by cavitation, and on the other hand, for a prompt and favorable response to the 

primary aging heat treatment. 

2. EXPERIMENTAL PROCEDURE 

The selection of the heating temperatures for implementing the solution was based on the determination of 

the critical temperature of solid state transformation and the results of sclerometric examinations. The 

cavitation erosion tests were conducted by a vibratory machine with piezoceramic crystal [6], built after the 

regulatory requirements of ASTM G32-2010, similar to the machine model from the University of Michigan 

[1]. As liquid environment, drinking water from the public network was used. During the researches, the water 

temperature was maintained at the value of 22  1 C. For each heating temperature for releasing in 

solution, were tried 3 samples , whose surfaces were polished at a roughness Ra = 0,2  0,8 m. The total 

duration of testing each sample was 165 minutes, which is divided in 12 periods (one each for 5 and 10 

minutes, and 10 each for 15 minutes). At the end of each test period, the mass of material was determinated 

by weighing the mass loss by erosion cavitation, respective the average depth of erosion (MDE) and 

corresponding speed (MDER), and the cavitation eroded surfaces were examined by the optical microscope 

and photographed. Also, after the completion of the testing procedures by erosion cavitation (165 minutes), 

the eroded surfaces were examined with scanning by the electronic microscope. 

3. EVALUATION AND INTERPRETATION OF EXPERIMENTAL RESULTS 

The chemical composition of the steel studied is shown in Table 1 . 

Table 1 Chemical composition of the steel  

Accompanying and allying elements, % 

C Si Mn Ni Cr Mo Al Co N Cu P S 

0.10 0.50 1.56 4.12 15.57 2.11 0.58 2.04 0.046 0.18 0.031 0.029 

For a preliminary outline of the influence of alloying elements on the constitution of the steel, it has started 

from the Schäffler diagram [2]. 

The calculus relationships of chromium and equivalent nickel used to define the nominal characteristic point 

are: 

Cre = % Cr + 1.5x % Si + % Mo + % Al + 0.5x % (Ta + Nb) + 2x % Ti + % W + % V = 19.01 %  (1) 

Nie = % Ni + 30x % C + 0.5x % Mn + 0.5x % Co = 9.92 %      (2) 

Transposing these values on the Schäffler diagram, it resulted that the microstructure of the cast steel 

consists of austenite + martensite + 10 % δ ferrite. 

For the experimental determination of the critical points of transformation in solid state, were made samples 

havind the sizes 15 x 3 x 3 mm, which were heated in high vacuum (10-5 mm Hg) to 1050  C. 

For the tests it was used an Ernst-Leitz Dilatometer which enabled photographic record of the expansion 

curves. 

In Fig. 1 is rendered such a recording, from which are the following observations: 

 Ac1 critical point is lowered to approx. 536 C especially due to the gamagene action of Ni and Mn; 
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 Ac3 critical point is approx. 914 C and 

as a result, the heating temperature for 

the release in solution must be higher 

then 920 C, given the high degree of 

alloying steel; 

 the martensitic transformation start 

temperature, Ms is shifted to approx. 

65 C for all alloying elements except 

Co and Al. 

The heating temperature in solution must 

ensure that all or most of the secondary 

phase particles (carbides, carbonitrides, etc.) 

and  ferrite, and after cooling in air to obtain 

a specified minimum hardness of austenitic 

microstructure with a small proportion of 

martensite and ferrite . After hardening in 

order to release in the solution, the steel must 

be readily processed by plastic deformations at hot and cold, or welding operations, and later it is needed 

that the austenitic structure to be able to be transformed in martensite at temperatures which would not 

produce deformations of the made products. The further increase of the mechanical strength will be made 

though a hardening treatment by precipitation performed at relatively low temperatures. 

Table 2 Effect of the heating temperature on the hardness of the quenched samples 

Item 

No. 

Heat 

treatment 

Sample 

No. 

Pieces 

No. 

Vickers HV5 hardness 

Experimental values Average 

1 
Quenching 

900 C, air 
2.1 3 

A 340 ; 342 ; 341 

349 B 354 ; 352 ; 353 

C 347 ; 341 ; 343 

2 
Quenching 

925 C, air 
2.2 3 

A 337 ; 341 ; 342 

346 B 360 ; 379 ; 358 

C 334 ; 330 ; 332 

3 
Quenching 

950 C, air 
2.3 3 

A 353 ; 352 ; 354 

323 B 320 ; 333 ; 325 

C 314 ; 314 ; 315 

4 
Quenching 

975 C, air 
2.4 3 

A 255 ; 259 ; 268 

280 B 284 ; 262 ; 285 

C 308 ; 304 ; 304 

5 
Quenching 

1000 C, air 
2.5 3 

A 251 ; 267 ; 267 

253 B 230 ; 230 ; 239 

C 278 ; 262 ; 257 

6 
Quenching 

1000 C, 1 h, air 
2.6 3 

A 237 ; 232 ; 234 

239 B 234 ; 232 ; 237 

C 247 ; 242 ; 242 

7 
Quenching 

1050 C, 1 h, air 
2.7 3 

A 254 ; 254 ; 254 

234 B 231 ; 232 ; 228 

C 236 ; 233 ; 235 

Fig. 1 The Dilatometer curve 
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The results of the scleromatic examinations summarized in Table 2, show that the temperature at which the 

austenitification is made, influences significantly the microstructure of the steel and hence the behaviour at 

cavitation. 

Micrographic images of Fig. 2 and Fig. 3 come to complete the sclerometric examination results.  

           

Fig. 2 Quenching 950 C / air (x500)                  Fig. 3 Quenching 1050 C / air (x500) 

Thus, quenching temperatures of 900 C - 950 C manifest by a lower release in solution of carbides and 

other intermetallic phases , less chemical homogenization of austenite, hence a lifting of the martensitic 

transformation starting temperature; therefore, the microstructure obtained will consist of austenite, 

martensite, ferrite and undissolved carbides (Fig. 2). 

Raising the heating temperature to 1040 C - 1050 C favors the release in solution of the secondary 

phases, dissolution of a ferrite  part, an increase of stability of austenite transformation or the lowring of the 

Ms point; therefore, the microstructure will consist of austenite and a small porportion of ferrite  (Fig. 3) and 

it’s hardness (231HV5 - 254 HV5) ensures good technological properties. 

The application of the primary aging treatment to 700 C favors the increase of the Vickers hardness (328 

HV - 338 HV) only at the samples austenitized to 1050 C; this is due to the transformation of the metastable 

austenite part in the martensite; instead, samples quenched from 950 C and subsequently subjected to 

primary aging to 700 C, have practically hardness values (318 HV - 323 HV) similar to those specific 

quenched for releasing in solution; this is due to low carbon content of the steel, inplicitly a limited proportion 

of carbide precipitates and a similar concentration of carbon in austenite chromium after releasing in the 

solution and after the primary aging treatment. The final recovery treatment at 450 C is manifested by the 

appearance of a secondary hardening (335 HV - 345 HV at those austenitizated at 1050 C), which can be 

attributed to the transformation of an important part of austenite in martensite and the precipitations of 

secondary phases due to the presence of the chemical composition of alloying elements Mo, Cr, Al. 

Firstly, it can be seen that the martensitic structure obtained after quenching from 1050 C followed by 

primary aging treatment to 700 C is hardly attacked by metallographic reagent. The quenching making from 

950 C and primary aging to 700 C, although it promotes a pronounced martensitic transformation, keeps a 

certain amount of austenite and carbides in the microstructure. 

Secondly, it should be noted that the primary aging treatment manifests by the phenomenes precipitation of 

carbides mainly on the edges of the ferrite  crystals. In this way, there is a decrease in carbon content in the 

alloying carburigene elements in austenite and so a rasing of the martensitic transformation domain, which 

makes the air cooling until the room temperature to trigger the martensitic transformation [4]. The presence 

of a small amount of approx. 10 % ferrite  in the microstructure speeds the precipitation of the M23C6 
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carbide, and so the primary aging process is favored. This phenomenon is justified by increasing the 

separation areas of austenite and ferrite , they constitude the core of M23C6 carbides, and the 

transformation of austenite with low carbon content (temperate Ms will be higher) is relieved. Fig. 4 and Fig. 

5 exemplify specific microstructures of the revovered steel at temperatures of 450 C. They show increased 

sensitivity to metallographic attack with the emerge and development of the precipitation phenomena 

responsible for the secondary hardening of the steel. 

                         

Fig. 4 Quenching 950 C / air + Primary aging              Fig. 5 Quenching 1050 C / air + Primary aging 

700 C / air + Recovery 450 C / air (x500)                       700 C / air + Recovery 450 C / air (x500) 

These structural modifications confirm the differences occurred in the behaviour of the analyzed steel at 

cavitation. In the diagrams shown in Fig. 6 and Fig. 7 are characteristic curves of cavitation erosion, 

indicating changes of the mean depth of penetration of erosion, respectively it’s speed with the duration of 

the attack of the cavitation generated in the T2 vibratory device. The OH12NDL steel was used as a 

standard, from which the hydraulic turbine blades from the Hydroelectric Power Plant Portile de Fier I and II 

(Romania), were executed. 

The obtained data demonstrates that the quenching temperature for the releasing in the solution of 1050 C 

provides the highest resistance to erosion by cavitation and that both heat treatment conditions based on 

intercalation of aging to 700 C between quenching and tempering leads to better results then the standard 

steel. 

         
Fig. 6 Average penetration depth variation            Fig. 7 Mean depth of penetration speed variation 

with cavitation time attack (MDE)                           with cavitation time attack (MDER) 

1 - Quenched 17-4 P.H. steel at 1050 C                1 - Quenched 17-4 P.H. steel at 1050 C 

2 - Quenched 17-4 P.H. steel at 950 C                  2 - Quenched 17-4 P.H. steel at 950 C 

3 - Standard OH12NDL steel                                 3 - Standard OH12NDL steel 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

213 

4.  CONCLUSIONS 

1) The heating temperature for releasing in the solution of the researched 17-4 P.H. stainless steel 

influences the hardening level reached at the heat treatment and implicitly the cavitation erosion 

resistance. 

2) The increase of the austenitizing temperature to 1050 C favors the releasing in the solution of the 

secondary phases, dissolution of a ferrite  part, an increased stability of austenite transformation, 

respectively a lowering of the Ms point. 

3) The application of the primary aging treatment to 700 C, causes the transformation of an austenite 

metastable part in martensite, and the final recovery treatment to 450 C is manifested by the 

appearance of a secondary hardening, slightly more pronounced compared to the austenitized 

samples to 950 C, with consequences of increasing resistance to cavitation. 
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POSSIBILITY TO REDUCE THE CONSUMPTION OF HYDROCARBON GASES AT FLOWING 

THROUGH CONCENTRIC TUYERES  

Ladislav KOVÁŘ 

VSB-Technical University of Ostrava, Ostrava, Czech Republic, EU, ladislav.kovar@vsb.cz 

Abstract  

Rationalization of energy consumption and reducing energy demands of production is currently one of the 

priority tasks of our industrial production. Greater demands on the creation and protection of the environment 

newly access to that. That demands are focusing on the issues of production technologies of various 

industries. Search for ways to increase production efficiency with a corresponding economic and ecological 

response is linked to this. 

This contribution is focused on protective (fuel) gas consumption rationalization in concentric blowing 

nozzles used for instance in production of steel in converters with bottom blowing. For thermal protection of 

these tuyeres can be used, besides other gases, natural gas. Its consumption is an important economic 

indicator of production. 

This paper contains selected results of mathematical modeling of gaseous media flow through concentric 

tuyeres with given dimensional parameters. Selected results of mathematical modeling was elaborated at the 

Faculty of Mechanical Engineering - Technical University of Ostrava. The results of flow mathematical 

modeling can be used to evaluate given conditions of heat exchange in the tuyere and its structural 

configuration changes to the flow variables of considered media and its hydrocarbon mixture suitable for use 

as a coolant and fuel. 

Keywords: mathematical simulation, gas blowing, tuyeres, 

1. INTRODUCTION 

When selecting suitable heating media applicable for thermal protection of bricked tuyere we come out of 

their technical availability, economic benefit, and also out of the results of previous work in this area.  

Basic evaluation criterion for the selection of protective gas (fuel gas) is their chemical composition [1], [2] 

and actually achievable flame temperature, on which adequate ambient temperature above the mouth of the 

tuyere depends. The highest achievable flame 

temperature is not in any specific relation to the 

calorific value of heating media. From the 

analysis of calculating parameters of the 

combustion process and their verification under 

operating conditions, it is demonstrated that 

some of the heating gases and their mixtures 

with a lower calorific value have both 

theoretical and actual combustion temperature 

higher than gases with a higher calorific value. 

The result of this knowledge are base criteria 

considered when rationalizing the consumption 

of fuel gas used in tuyere and also when 

finding the most suitable medium. It is the 

 

 

 

Outer tube 

Inner tube 

Tuyere groove 

Annular slit 

A    B 

Fig. 1 Cross section of the tuyere with the annular slit 

(A) and the nozzle with longitudinal grooves (B) [1] 
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calorific value and flame temperature. Natural gas (NG) is often used as protective gas. The paper focuses 

on ways to reduce the consumption of natural gas by its partial replacement by other suitable medium. 

Except protective media also design of the cooling system has significant influence in given conditions. 

There is no doubt that improving of heat exchange conditions in the tuyere can be achieved by design of the 

cooling jacket which will intensify heat exchange. Therefore the effects of shielding gases were tested on 

annular slit tuyere and tuyere with longitudinal grooving and the results were compared (Fig. 1). 

2. TESTING OF GAS MIXTURES FLOW THROUGH TUYERE WITH ANNULAR SLIT  

Longitudinal and transverse 

distribution of the designation 

variables ie current velocity, static 

temperature and pressure for the 

selected mode of flow and selected 

media was tested. 

From the figure (Fig. 2) it is evident 

that the mean static temperature of 

natural gas and its considered 

mixtures are mutually comparable 

also with a slight increase Ts of water 

vapor and in any of the investigated 

cases do not reach initial temperature 

of dissociation in tuyere. 

The distribution of static temperature 

T in the flow of natural gas and its 

mixtures (Fig. 3) is, both in its 

character of course in the mouth, and 

the amount of achieved static 

temperatures comparable. Static 

temperature changes with a slight 

difference moving from 0 to 45K. 

However, the maximum value of the 

static temperature of the media flow at 

the tuyere wall on side of the lining 

increasing at flow of natural gas and 

its mixtures at 1430K. Towards the 

axis of the slot decreases 

exponentially to cca311K and at 

oxygen tube wall again rising up to 

1095K. 

Further it resulting from the picture 

(Fig. 3) that the thickness of the gas 

layer at the wall with temperature 1100K and higher is very thin and at wall with lining has a value of about 

0.1 mm and at wall of oxygen tube 0.05 mm. Furthermore, from the results of calculations of thermal fields 

can be seen that the considered admixture - converter gas warms more intensively in comparison with the 

natural gas itself. 
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Fig. 2 Longitudinal distribution of mean static temperature Ts for 
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It therefore follows that the cooling is basically realized due to forced convection of protective gas flow in the 

slit, and then by gas flowing and by the possible dissociation inside sediment which is formed above the 

mouth of the tuyere in the melt. 

3. COMPARISON RESULTS OF NATURAL GAS MIXTURES FLOW THROUGH ANNULAR SLIT AND 

GROOVED TUYERE 

In order to evaluate possibility of reducing the consumption of protective gases by using of selected 

ingredients, it was decided to test the flow of a mixture of NG + CG (Convertor Gas) through tuyere with 

straight grooves and then comparison with the results of numerical solution of the flow through tuyere with 

annular slit were done. 

Results evaluation (Fig. 4, Fig 5, Fig 6) of testing flow through tuyere with longitudinal grooves and their 

comparison with tuyere with annular slit in the considered mode of operation for a mixture of natural gas with 

convertor gas (70 % + 30 %) : 

 The mean static 

temperature Ts is 

continuously increasing 

along the length of the 

tuyere and reaches value 

of cca400K which is higher 

in comparison with the 

flow through existing 

design of tuyere. 

 Considerably higher 

temperatures in the mouth 

in the case of grooved 

tuyere are evident from 

the courses of static 

temperature T at the 

tuyere with annular slot 

and grooved tuyere. Their values achieved in the mouth near the steel tube wall cca1900K, which is 

about 500K more than in the case of the annular slot tuyere. 

 It is no doubt that the increase in coolant temperature in front of the mouth will significantly contribute 

to the cooling effect also in the case of metal sediments formation on tuyere mouth, because by the 

influence of the increasing sediments resistance dissociation offsets inside to the tuyere will occur. 
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Fig. 5 Cross-flow profiles of static temperature T for tuyere with grooves 
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Fig. 6 A temperature field in the grooved nozzle orifice [3] 

B tentative outline for the velocity and temperature profiles evaluation 

4. PRINCIPLES FOR DESIGN OF THE STRUCTURAL TUYERE COOLING SYSTEM LAYOUT  

Results of studies of tuyere thermal protection focused to increasing of their durability and reliability have 

shown that in addition to the protective media in given conditions also design of the cooling system has 

significant impact. There is no doubt that improving of heat exchange conditions in the tuyere can be 

achieved by design adjusting the cooling jacket by which heat exchange will be more intensive. When 

designing a cooling jacket, the following basic requirements are valid: 

 under given parameters of the media at tuyere input, their output values in each flow modes must not 

exceed the critical state of flow; 

 tuyere geometry must be designed in such a way so that during of its usage it must to prevent back 

pressure effects to blowing system and rising of cavitation; 

 tuyere cooling system, its design and selected cooling gas must be designed so that at the given 

conditions of heat transfer from lining and the melt bath maximum gas preheat will be reached with 

initial dissociation temperature in front of its mouth. It is necessary to keep in mind that the cooling 

effect in the mouth is given by heating, evaporating and cleavaging of hydrocarbons and by heat-

shielding effect between the tuyere refractory and gaseous oxygen; 

 structural configuration and flow parameters should create such conditions above the tuyere mouth so 

that stable metal sediment is formed to prevent tuyere burning; 

 arrangement of tuyere and its refractory lining should meet the requirements for optimum durability 

and reliability of the blowing system, simple production, installation and maintenance; 

 tuyere should be designed so as to create optimum conditions for combustion of the fuel and oxygen 

and also ensure intensive mixing of the melt and the high reaction rates. 

5. CONCLUSION 

The results bring new information and knowledge about changes of protective gas jet values flowing through 

tuyere with annular slit and grooved tuyere. When studying the effect of volume fraction of selected additives 

mixed with natural gas to heat transfer in the cooling system dissociation of gas and its influence on the 

ongoing changes in the flow field was not considered. Numerical solution of media flow was realized in 2D 

and 3D system (for instance [4]). Design of the tuyere cooling jacket with longitudinal grooves significantly 

improves conditions for tuyere cooling. The results of numerical calculating have shown at all of the 
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observed cooling media high degree of heating at the tuyere walls with temperatures in dissociation zone. 

The calculations also show that both the cooling and the combustion properties of the tested mixtures as 

compared with natural gas, are not significantly affected. 
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A CONTRIBUTION TO THE OPTIMIZATION OF THE BLAST FURNACE MATERIAL BALANCE 

CALCULATION 

Břetislav KRČEK 

VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, bretislav.krcek@vsb.cz 

Abstract 

The slag volume incorporated to the material balance plays very important role in the blast furnace work 

evaluating and prognosis. However, the slag volume is not usually measured but this value is calculated 

from the burden data and from the slag chemical analysis. The inaccuracies of input data used for the 

computing degrade not only the resulting material balance but also all following calculations. In the article the 

suggest for the calculation using over-determined systems of linear equations for maximal exploiting the 

input data and to reduce the influence of input data inaccuracies is described. 

The new method proposes the assessing the total flue dust as a sum of the fine dust from iron ores, fluxes 

and coke, leading to a system of linear equations. Presented method enables to compare the influence of 

various sorts of coke or other burden components on the total sum of flue dust. Conversely, in the case of 

unvarying burden composition the observed output data differences could demonstrate changes of the 

burden mechanical properties. Full exploitation of proposed mathematical separation of the burden dust into 

three parts could even help to reduce the flue dust appearance. The mathematical method leading to the 

over-determined system of linear equations was also used there to reduce the influence of input data 

inaccuracies. 

Keywords: blast furnace, material balance, slag quantity 

1. INTRODUCTION 

All evaluating as well as all prognosis of the blast furnace reduction and heat work are usually based on the 

total or at least partial material balance calculated for some time interval or related to the unit of the hot metal 

production or to the unit of the blast furnace burden. The slag volume that is mostly not measured but only 

calculated is one of the most important parameters of the total material balance evaluating calculation. 

Commonly used calculations of the slag volume are based on the slag chemical analysis and on incoming 

volume of some oxides. Unfortunately, the input data inaccuracies can produce significant errors in the 

calculated resulting slag volume that degrade all following calculations. 

In addition to the slag volume calculation the problem of the mathematical separation of the total flue dust 

into the fine dust from iron ores, fluxes and coke is also described in this article. Obtained results could be 

used for the short-term evaluating and prognosis of the blast furnace work. The total flue dust volume is 

mostly measured in long time intervals and this long-term data could be used in sufficiently accurate short-

term evaluating and prognosis only in the case of unvarying burden composition. 

2. NOTATIONS 

All calculations in this article are presented only for the material balance related to 1 kg of the hot metal. 

Materials (raw materials, products) are denoted by following symbols using small letters to be distinguished 

from the chemical elements. 

hm - hot metal, 

s - slag, 

mailto:bretislav.krcek@vsb.cz


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

220 

io - iron ores, 

f - fluxes, 

c - coke, 

d - total flue dust, 

ci - clear input = blast furnace burden - total flue dust. 

Relationships in this article are written with following symbols: 

A[x,y] -  the mass analysis of the component (compound or element) x in the material y, e.g. A[Fe,c] 

represents analysis of coke in (total) Fe. 

B(x,y) - the total mass of the component x in the material y that belongs to 1 kg of the hot metal, e.g. 

B(Fe,c) is the mass of Fe (in kg) inherent in the mass of the coke that belongs to 1 kg of the hot 

metal. Specially B(Σ,y) is the total mass of the dry material y that belongs to 1 kg of the hot metal, 

e.g. B(Σ,c) is the total mass of the coke that belongs to 1 kg of the hot metal. Obviously B(Σ,hm) = 

1, B(x,hm) = A[x,hm],   B(x,y) = A[x,y]·B(Σ,y) . 

3. THE FINE DUST FROM IRON ORES, FLUXES AND COKE 

The total fine dust can be obviously assessed as a sum of the fine dust from iron ores, fluxes and coke. With 

respect to various parameters of iron ores, fluxes and coke the mass of the dust from 1 kg of iron ores is 

expected to differ from the mass of the dust from 1 kg of fluxes or from 1 kg of coke, respectively. In what 

follows these masses are noted as vio , vf and vc. 

For the mass of the total flue dust that belongs to 1 kg of the hot metal the following equation holds: 

       ,   ,   ,   ,
io f c

v B Σ io v B Σ f v B Σ c B Σ d              (1) 

The system of three equations was suggested in [1] to calculate the parameters vio , vf and vc from the 

material balance of some period: 

       

       

       

,   ,   ,      ,

,   ,   ,      ,

,   ,   ,      ,

io f c

io f c

io f c

v B Fe io v B Fe f v B Fe c B Fe d

v B CaO io v B CaO f v B CaO c B CaO d

v B C io v B C f v B C c B C d

     

     

     

      (2) 

This system of equations represents the partial material balance of the mentioned burden and dust 

components for Fe, CaO and C, e.g. for the elements and compounds that are relatively precisely analyzed 

(and where Fe is characteristic for the iron ores, CaO for fluxes and C for coke, respectively). 

However, the condition number of this system matrix could rapidly increase if the iron ores tend to be 

alkaline (e.g. for fluxed sinters). In such case the element of the matrix second column tend to zero. Even 

small inaccuracies of the input data could significantly influence the accuracy of the solution. If B(Σ,f) ≈ 0 

than the calculation of vf has no sense and remaining unknowns vio and  vc can be calculated by system of 

two equations: 

     

     

,   ,     ,

,   ,     ,

io c

io c

v B Fe io v B Fe c B Fe d

v B C io v B C c B C d

   

   
         (3) 

This system matrix is well-conditioned already for common assumptions and there is no problem to solve it. 

Therefore, the condition number of the matrix of the system (2) indicates which of systems (2) or (3) should 

by used to calculate vio and vc.  
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However, both of systems of equations (2) and (3) have the same insufficiency - exploiting only small part of 

data obtained by material analysis. Every even small inaccuracy of input data can significantly influence or 

even degrade the founded solution. 

This mentioned insufficiency could be eliminated when the systems (2) and (3) are extended with additional 

balance equations for other analyzed components. The system (2) could be modified to following form, for 

example: 
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B C d
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c B MgO d

v B X io v B X f v B X c B X d













        

     

       (4) 

In view of the fact that the number of equations of such extended systems is greater than the number of their 

unknowns and that their coefficients are determined with certain inaccuracy the modified systems of 

equations are over-determined and thus generally unsolvable. However, the well-known least-square 

method enables to calculate generalized solution of over-determined systems of linear equations. 

The matrix form of the system (4) can be written as: 
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  ,       (5) 

The matrix forms of all considered systems of equations are the same, i.e. 

bvB    ,            (6) 

where  B  is the matrix of the system, 

 v  is the vector of the unknowns, 

 b  is the vector of the right-hand sides of equations. 

Corresponding generalized solution (if it exists) is equal to the solution of the system of equations 

bBvBB 
TT

  ,             (7) 

i.e. 

  bBBBv 
 TT 1

  .             (8) 
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The condition number of the matrix BTB again enables to decide which system of equations (2) or (3) is 

better to be extended and used for every concrete calculation. 

Every other equation added to the system of equations raises the believability (statistical relevancy) of the 

system solution. Moreover, using other well-known mathematical methods the information how partial 

components influence the solution accuracy can be gained and this information can subsequently simplify 

seeking for the input data errors. 

4. THE SLAG VOLUME 

The calculation of the specific slag volume ms can be found in various textbooks. The slag volume 

calculation as a sum of all its parts is referred e.g. in [2] and [3] where the authors work mainly with such 

oxides from the blast furnace burden that come to the slag absolutely or in known ratio. Another approach 

presented in [4] and described by system of equations (9) is based only on some selected oxides and on 

relevant data of the slag chemical analysis. 

   
   
     
   

2 2

2 3 2 3
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, ,

, -2.14 ,
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s

s

s

B CaO ci m A CaO s

B MgO ci m A MgO s

B SiO ci B Si,hm m A SiO s

B Al O ci m A Al O s

 

 

  

 

  

         (9) 

In the blast furnace the SiO2 fractionally reduce itself from the above mentioned oxides. Thus, the volume of 

the SiO2 corresponding to the volume of Si in the hot metal must be subtracted from the volume of the total 

incoming SiO2. The first equation of the system (9) contains the value A[CaO,u] that is worth attention 

because it is not only a slag analysis on CaO but it represents total Ca2+ volume in the slag (i.e. including 

Ca2+ from CaS). 

Each of equations from the system (9) should ideally produce the same value mu but solutions of individual 

equations are usually significantly different. Resulting value mu is calculated as the average value of 

individual equations solutions [4]. 

Instead of simple average used in [4] the weighted average would be worthier to calculate the resulting value 

mu but question of individual weights determining would have to be considered. Individual weights should 

mainly take into account the relative volume of corresponding oxide in the slag (empiric chemical analysis) 

as well as in the blast furnace burden (the value calculated from empiric chemical analysis). However, each 

of necessary empiric analysis is realized with certain inaccuracies and in addition could be significantly 

influenced by the sample selecting, or, some analysis may be not available. 

In view of the fact that the analysis of basic slag-making oxides (CaO, MgO, SiO2, Al2O3) are mostly 

sufficiently attended and that the volume of this oxides is considerably greater than volume of other slag-

making oxides the sum of these in the final blast furnace burden and in the slag can be advantageously used 

in the relative (specific) slag volume calculation: 
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In the summary equation the weight of each of input values is equal to its magnitude, i.e. the weight is equal 

to the volume of the corresponding oxide in the specific burden volume or in the unit slag volume, 

respectively. If the total balance of one of mentioned oxides or the balance of the corresponding element 

was not sufficiently precise then the oxide should be eliminated from the summary relationship. 

 Instead of the solution of the simple summary equation the generalized solution of the over-determined 

system of linear equations (9) for one unknown again seems to be worthier. This system has matrix form (the 

matrix of the system B is reduced to the column vector b) 

ab  um    , where bi = B(Xi,ci), bi = A[Xi,s] .         (11) 

The generalized solution of (11) exists and can be expressed as 

  baaa 
 TT

um
1

             (12) 

or, respectively, 



 



i

i

i

ii

u

a

ba

m
2

    .            (13) 

The last equation represents the calculation of the coefficient mu of the linear regression function 

amb u               (14) 

by the least-square method for known points [ai, bi]. 

Presented calculations represent in essence well-known mathematical method that is very often used mainly 

in the statistics to enable not only full exploitation of available input data but even consideration of these data 

believability. In contrast to the methods referred in [2] and [3] presented method makes possible to calculate 

the slag volume even if any input data are not available or these are not sufficiently believable. 

5. CONCLUSION 

Presented solutions of both mentioned problems (the assessing the total flue dust as a sum of the fine dust 

from iron ores, fluxes and coke, and, the slag volume calculation) using over-determined systems of linear 

equations enable full exploitation of all available input data and mathematically represent the problem to find 

the coefficients of linear regression functions by the least-square method. Every other viewed component 

added to the system than raises the believability (statistical relevancy) of the resulting system solution and 

improve the information how partial components influence the solution accuracy whereas such information 

can subsequently simplify seeking for the input data errors. 
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Abstract 

Using of plastics in the world increases day by day and the amount of waste plastics increase as a result of 

high consumption. The long degradation period of plastics in nature cause the plastic wastes to be a major 

problem for environmental damage and pollution. By recycling of plastics these problems can be eliminated. 

For this aim plastics can be used as alternative reductant for iron and steel industry instead of coke. 

Additionally, high production cost and high consumption of coke has always been the primary problem of iron 

and steel industry. The aim of this study is reduction of costs due to coke consumption in iron making and 

environmental damage caused by waste plastics. By this aim waste plastics were added to composite pellets 

as reductant. In this study PET (Polyethylene terephthalate) which is the remarkable percent of plastic 

wastes, was used due to its high carbon content. In the experiments, composite pellets which contain PET 

wastes and magnetite iron ore were prepared. After that, composite pellets were reduced at relatively high 

temperatures during various reduction times in order to investigate its behavior during reduction melting 

process.  The results of experiments showed that reduction rate of iron ore increased as a function of time. 

Keywords: PET wastes, recycle, composite pellet, iron and steel, reduction 

INTRODUCTION 

Because of affordability, ease of application and increasing improvements of plastic features day by day, the 

amount and application areas of plastics increase. However, as a result of high consumption rates, plastic 

wastes cause major problems such as long degradation periods in nature [1]. Although there are many types 

of plastics, PET (Polyethylene terephthalate) is widely used in packing industry and constitutes 

a considerable part of plastic wastes. In order to eliminate these wastes many researches have been made 

for recycling like using as polyester fiber, PET sheet and reductant in iron and steel industry. Using of them 

in ironmaking and steelmaking is one of these concerns and it has been developed in some countries [2, 3, 4, 

5].  

Traditionally, coke used as a reductant in ironmaking process. PET can be an alternative of coke with its 

high carbon content which is the major element in the chemical composition of PET. When PET 

decomposed, two reducing gases, CO and H2 are produced. Therefore, PET can be used in composite 

pellets as a reducing agent [3, 6, 7]. It is necessary that to use PET in composite pellets it has to be ground to 

micron sizes and therefore PET wastes should be crystallized at 250 °C [8]. 

Iron oxide composite pellets generally include iron ore, reductant as a carbon source and a binder. When 

composite pellets are reduced in a furnace, the following reactions occur [6, 9]; 

3Fe2O3 + CO/H2 =  2Fe3O4 + CO2/H2O       (1) 

Fe3O4 + CO/H2  = 3FeO + CO2/H2O       (2) 

3FeO + CO/H2  = 3Fe + CO2/H2O        (3) 

C + CO2   =  2CO (Boudouard Reaction)      (4) 

2CO   =  [C]+CO2 (Carburization)      (5) 

mailto:gpolat@yildiz.edu.tr
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Reducing agent using in composite pellets does not have to be high quality like an expensive coke. Although 

there are some disadvantages of composite pellets such as low mechanical strength, there are some 

advantages such as using low quality reductant and high reduction rates. Also, composite pellets are not 

suitable for firing. Because of this reason they cannot be reduced in blast furnace conditions. Thus, rotary 

hearth furnace can be used to make pig iron-like product. The process which uses rotary hearth furnace is 

so-called ITmk3 (Iron Making Technology Mark Three). ITmk3 process converts composite pellets to iron-like 

product and slag at relatively high temperatures 1400 °C and 1450 °C [10-14]. 

1. EXPERIMENTAL 

To investigate effect of residence 

time on crystallization of PET 

wastes, experiments were 

performed in Ecocell 55 laboratory 

scale oven, at 250 °C for 1, 2, 3 

hours. The samples were ground in 

the ball mill for 1 hour. After that, 

500 μm, 250 μm, 125 μm and 100 

μm sieves were used to sieve 

analysis of the ground PET wastes. 

It was carried out for 15 minutes. 

The result of the sieve analysis is 

shown in Fig. 1. 

It can be seen from the Fig. 1 that 

residence time in the oven gives 

the similar results for 1, 2 and 3 

hours. Thus, 1 hour was decided as necessary time for crystallization of PET.  

The needed powder size of PET wastes for pelletizing in this study is -250 μm. Therefore, the powders less 

than 250 μm was selected for process and the other sizes were returned to grinder to obtain -250 μm grain 

size. 

The chemical composition of PET used in process is given in Table 1.  

Table 1 The chemical composition of the PET waste 

C % H % O % 

62.5 4.17 33.33 

The main constituent of composite pellets was magnetite concentrate. The concentrate screened to -100 μm 

for pelletizing. The chemical composition of the magnetite ore concentrate is given in Table 2. 

Table 2 The chemical composition of the magnetite concentrate 

Fe % SiO2 % Al2O3 % CaO % MgO % S % Mn % Cu % K2O % Na2O % Pb % 

68.5 2.2 0.75 0.6 0.58 0.4 0.1 0.02 0.07 0.04 0.01 

To investigate the reduction properties of composite pellets which contain PET, coke or coke and PET in 

various amounts were prepared. Coke was also ground in ball mill and -100 μm was used. The chemical 

composition of coke used in process is given in Table 3.  

 

Fig. 1 Sieve analysis of ground PET wastes 
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Table 3 Chemical composition of coke 

Moisture % Ash % Volatile Matter % Fix Carbon % Sulphur % 

14.2 17.95 2.55 79.5 0.54 

Three types of mixture were prepared by adding different ratios of PET and coke and then they were 
prepared in a mixer for 1 hour. These mixtures are as shown in Table 4.  

Table 4 Type and content of green pellet mixtures 

Raw Materials 

0 % PET (100 % 

coke) 

50 % PET + 50 % 

coke 

100 % PET (0 % 

coke) 

% % % 

Magnetite ore 79.607 77.87 75.399 

Coke 19.403 11.388 0 

PET 0 97.524 23.611 

Binder 0.9901 0.9901 0.9901 

Total 100 100 100 

The amount of coke and PET wastes added to composite pellets were determined as stoichiometric ratio 

according to the following reaction. 

Fe3O4 + 4C = 3Fe + 4CO 

For the agglomeration of the fine raw materials 10 % (wt.) water was sprayed during pelletizing. Beet 

molasses was used as a binder. The amount of the binder chosen was 1 % of total weight of the pellets. 

Then, this liquid binder was sprayed with the water which onto the mixture during pelletizing.  

Pelletizing was done by Multipex laboratory scale pelletizing disc which have 30 g/min, 45o slope and 40 cm 

diameter. Each pelletizing was carried out approximately for 30 min. The sizes of the pellets were being 

maintained at about 10 mm. The prepared green pellets were dried at 110 °C. After this process, the pellets 

ready for reduction were obtained.  

The pellets reduced in Protherm PTF 15/50/250 tube furnace at 1400 °C and 1450 °C. The weight loss of 

pellets measured after reduction. Reduction rate was calculated according to weight loss. The weight loss in 

the pellets was assumed as the binder, volatile matter in the coke and oxygen in the magnetite concentrate. 

Thus, the reduction rate was calculated according to following formula; 

% Reduction Rate
   

2. RESULTS AND DISCUSSION 

Reduction behavior of the pellets was 

determined at 1400 °C, 1450 °C for 10, 20 

and 30 min. The reduction rates were 

obtained depend on residence time and 

furnace temperatures as shown in Fig. 2 and 

Fig. 3. 

It can be seen in Fig. 2 that reduction rate of 

each pellet increases with increasing 

reduction time at 1400 °C. Reduction rate of 

the sample of % 0 PET, which includes only 
Fig. 2 Relationship between reduction rate and reduction 

time at 1400 °C 
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carbon as reductant, is higher than the other pellets in 10 and 20 min. With increasing ratio of waste PET in 

the pellets, kinetic of reduction decreases compared to the 100 % coke up to 20 min. However, the reduction 

rates are close to each other when reduction time reached to 30 min. At the end of reduction, approximately 

92 % reduction rates are obtained 

for each pellet. 

Fig. 3 shows that reduction rate of 

0 % PET, 50 % PET and 100 % PET 

is respectively 99 %, 97 % and 90 % 

in 10 min. at 1450 °C. However, after 

10 min., reduction rates decrease to 

85 - 87 % at the end of process. This 

tendency should be a result of re-

oxidation at high temperatures for 

long residence time. Because of 

these reasons, the optimum 

reduction period at 1450 °C can be 

chosen as 10 min. Thus, in 10 min., 

higher reduction rates can be 

obtained at 1450 °C compared to at 

1400 °C for the composite pellets. 

3. CONCLUSIONS 

Using of waste PET as an alternative reductant in iron making gives the following results; 

1) The optimum conditions for reduction of composite pellet which include 100 % PET wastes are    1450 

°C and 10 min. 

2) Instead of the pellets which include 100 % waste PET, the higher reduction rate obtained by the 

pellets which include waste PET and coke mixture. 

3) Reduction of the composite pellets at 1450 °C is the more efficient than at 1400 °C.  

4) The results show that, waste PET can be used as an alternative reductant instead of coke. 

5) PET wastes can be recycled by this method, so the negative effects of PET wastes to environment 

can be diminished.  
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Abstract 

The production and use of integrated ferroalloy is a complex scientific - technical problem, the main aspects 

of which is the development of efficient technological processes for their preparation, providing a high degree 

of extraction of the leading elements from raw material, and the development of rational composition of the 

alloy. In this regard, a promising direction in the development of ferroalloy industry in Kazakhstan is to 

develop technology of production complex ferroalloy on the basis of manganese with chemically active 

element - barium from natural resources of Kazakhstan. 

The theoretical aspects of this technology is based on a thermodynamically - diagrammatic analysis of phase 

equilibriums in the system BaO-SiO2-MnO-FeO and the Ba-Si-Mn-Fe in homogeneous - liquid - phase state. 

The main source of barium in the alloy is sulphate barite ore. The largest region in terms of reserves of barite 

and its production is the Central Kazakhstan. Currently barite ore deposits of Zhumanai by geographical 

location, physical state (solid material), chemical composition, mass. %: 74.35 BaSO4; 8.54 SiO2; 0.4 Al2O3; 

2.91 CaO; 0.046 MgO; 0.1 W; 0.52 ignition loss and reserves, is a promising raw material for production 

complex barium-containing ferroalloy in Kazakhstan. 

In Chemico-Metallurgical Institute named after Zh.Abishev carried large - laboratory testing technology of 

smelting complex barium-containing manganese-based ferroalloy in the furnace capacity of 200 kV·A 

continuous one-step carbonoreductive slagless way. The recovery of the components in the alloy melt was 

carrying, %: 84.09 Mn; 78.03 Si; 78.26 Ba. The developed technology combines the processes of obtaining 

silicon manganese, ferro-silicon and silikobarium together. The approbation ferroalloy with barium 10.84 % in 

smelting steel type A14 in a vacuum induction furnace VSG 30A. 

Keywords: complex ferroalloy, silicon-manganese, barium, carbon-reductive mode, steel 

1. INTRODUCTION  

Increase of strength and exploitation characteristics of metal products is caused by profound and productive 

effect to the crystallizing metal structure by means of non-furnace treatment of melted-down metal with 

complex ferroalloys. This process is an essential part of contemporary technologies of qualified and 

competitive items production, also it characterizes the common stage of metallurgy and mechanical 

engineering development on the whole [1, 2]. Due to this fact there appears the actuality of productive 

technology of new complex ferroalloy based on manganese with chemically active addition of alkaline-earth 

metal - barium from manganese and barite ores mined in Kazakhstan by carbon-reductive slag-free mode 

applied to non-furnace treatment of steel. 
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2. MAIN TEXT 

2.1 Methodological basis 

Theoretical basis development of high-temperature chemical-technological and metallurgical processes on 

the various stages of research is characterized by Figs.  of isobar-isothermal potential - ΔG (Gibbs energy) 

for certain reactions as well as by balance constant figure determining the correlation between the reaction 

products and initial substances in the Кр  balance moment. The process physical-chemical basis of the 

complex barium-bearing ferroalloy production is the conduction of thermodynamic-diagram analysis (TDA) of 

multi-componential BaО-SiО2-MnО-FeO (B-S-M-F) and Ba-Si-Mn-Fe systems with the «Gibbs» PC 

application. The «Gibbs» program complex, developed by the scientists of ZH.Abishev Chemical-

metallurgical institute, allows determine the changes of enthalpy, entropy, heat capacity, Gibbs energy of the 

reaction in homogeneous liquid-phased state at various temperatures in accounting of all the phase 

transformations for all the systems components as well as to calculate the reaction balance constant. 

Algorithm of determination of 
0

TΔG reaction value is described in transaction [3]. 

The B-S-M-F system contains binary combinations of B-S-M, B-F-S, F-S-M, В-F-M subsystems. The В-F-M 

system is totality of solid solutions of manganese oxides, ferrum oxides and barium oxides. The 

thermodynamic constants calculations as well as Gibbs energy reactions calculation with the application of 

«Gibbs» PC for the B-S-M-F system was carried out at 298.15-2500 К temperatures interval. The calculation 

results are demonstrated in the Table 1. The diagram of substance correlation (DSC) of B-S-M-F system at 

temperature of 2500 К was completed based on the obtained thermodynamic data, this diagram is in Fig. 1.  

Table 1 Thermodynamics of reactions in B-S-M-F system (Т=2500К) 

Quotation of reaction 
∆G0

2500, 

(kJ/mol) 

 

B-S-M system 

В + M2S = BS + 2 M - 66.0 

2 ВS + M2S=B2S3 + 2M 176.5 

В2S3+2 MS=2 BS2+M2S - 156.8 

B-S-F system 

В + F2S=BS + 2 F - 147.2 

В2S3 + 2 F=2 BS + F2S - 123.5 

2ВS2 + F2S=B2S3 + 2FS - 127.7 

M-S-F system 

F2S + 2 MS=2 FS +M2S - 432.6  - congruent combination;  - incongruent combination  

F2S + 2 M = 2 F + M2S - 74.2 
Fig. 1 Diagram of substance correlation in В-S-М-F system 

at Т=2500К 

On the base of conducted B-S-M-F system tetrahedration it is obvious that it consists of 5 congruent 

tetrahedrons: B-F-BS-M, M-F-M2S-BS, F-BS-M2S-F2S, F2S-BS-В2S3-M2S, F2S-B2S3-M2S-S. The predicted 

slag composition needed to 2 % barium-bearing alloy production is largely located in F2S-BS-M2S-S quasi-

system.  

Bа-Si-Mn-Fe system is a totality of binary compositions of Bа-Si-Mn, Bа-Fе-Si, Fе-Si-Mn, Ва-Fe-Mn 

subsystems. Ва-Fe-Mn system is manganese solid solutions, as well as ferrum and barium solid solutions. 

The calculated values of ∆G0
2500 Gibbs energy reactions with the «Gibbs» PC application for the Bа-Si-Mn-

Fe system are demonstrated in the Table 2. The DSC of Ba-Si-Mn-Fe system at temperature of 2500 К was 

completed based on the obtained thermodynamic data, this diagram is in Fig. 2. 
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On the base of conducted Ba-Si-Mn-Fe system tetrahedration it is obvious that it consists of 6 congruent 

tetrahedrons: Ba-Fe-BaSi2-Mn, Mn-Fe-Mn5Si3-BaSi2, Fe-BaSi2-Mn5Si3-Fe2Si, Fe2Si-BaSi2-Mn5Si3FeSi, FeSi-

Mn5Si3-MnSi-BaSi2, FeSi-BaSi2-MnSi-Si. Thereat the 2 % barium-bearing alloy is largely located in FeSi-

BaSi2-MnSi-Si quasi-system.  

Table 2 Thermodynamics of reactions in Ba-Si-Mn-Fe system (Т=2500К) 

Quotation of reaction 
∆G0

2500, 

(kJ/mol) 

 

Ba-Si-Mn system 

3Ва+2Mn5Si3=3BaSi2+10Mn 247.3 

Ba-Si-Fe system 

Ва+2Fe2Si=4Fe+BaSi2 99.2 

Mn-Si-Fe system 

8FeSi2+11MnSi=8FeSi+Mn11Si19 579.1 

4FeSi+Mn5Si3=5MnSi+2Fe2Si 29.0 

6FeSi+5Mn=Mn5Si3+3Fe2Si - 92.9 Fig. 2 Diagram of substance correlation 

3Fe2Si+5Mn=Mn5Si3+6Fe - 25.2 in Вa-Si-Мn-Fe system at Т=2500К 

The production of complex ferroalloy manganese-bearing with barium addition is based on carbon-reductive 

continuous single-staged mode alongside with Kazakhstan natural raw material involving in metallurgical 

division. Barite (ВаSO4) is the main source of barium getting into the ferroalloy. 30 barite layers are known to 

be mined in Kazakhstan the total supplies of which are approximately 160 million of tons of barite [4]. The 

region with the largest barite deposits and large-scale barite mining is Central Kazakhstan the layers of 

which maintain 111.9 million of tons that constitutes 70.5 % [5] of barite supplies. The Kazakhstan barite 

ores were tested to be applied as burden material by various metallurgical enterprises that, in its turn, 

causes expenditure of ferroalloy products assortment with new unique alloys such as ferrum-alyminum-

silicon-calcium with barium [6], silicon-barium, ferrum-silicon-barium and various trade marks ferrosilicon with 

barium [7-9]. 

Currently on the territory of Kazakhstan there are two layers where barite ores are mined, these are 

Mangistau (barite-celestine ore) in Northern Aurtas and Zhairemskoe (barite ore) in Zhumanai. It is notable 

that application of the barite-celestine ore from Northern Aurtas isn’t advisable to complex ferroalloy melting. 

Zhumanai mine barite ore is situated in Zhana-Arkinsky district of Karaganda province. The average volume 

of barite ore mining (open-cut mine) is 60 thousand of tons annually. Balance supplies are approximately 

841.5 thousand of tons thereat the BаSO4 percentage containing in the ore is 70.59 %. Zhumanai mine 

barite ore is a prospective raw material to be applied to produce the new complex ferroalloy in Kazakhstan 

due to its geographical location, physical state (dense material), chemical composition (BaSO4 average 

percentage in the ore is 71.34 %) and volumes of maintenance. 

2.2 Experimental part  

On the base of TDA for the B-S-M-F and Bа-Si-Mn-Fe systems there was conduction of large-scale 

laboratory tests of melting technology of silicon-manganese with barium from mineral raw material which 

took place at technological premise of Zh.Abishev Chemical-metallurgical institute [10]. By means of 

previously conducted experimental researches there was obtained 0.2-2.09 % barium-bearing alloy. The aim 

of the above named tests was increase of barium percentage in ferroalloy in order to avoid its further waste 

when being processed the steel. The followings were used as initial burden materials: manganese ore of 

Mynaral mine (49.88 % Mn), quartzite from Tekturmas mine (97.05 % SiO2), Zhumanai mine barite ore 
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(74.35 % BaSO4). The following is the technical analysis of reducer in %: 82.7 Сsolid; 11.83 Аw; 2.90 Vgeneral; 

2.57 Wanalyt. 

The alloy melting was carried out in ore-thermal electrical oven with the transformer capacity of 200 kV∙А and 

this process was accompanied with periodical charge of burden materials.  The oven is equipped with 

graphited electrode with a diameter of 150 mm and conducted by подиной. The reducer expenditure was 

regulated with the aim electrode dipping increase and removal of carbide possible formation. At oven stable 

operation there is current strength which equals I=190-200 A thereat the tension is U=24 V. The gas was 

evenly evolving on the whole surface of the mouth. The descent of the burden was active in the operating 

cell of the furnace, there were no «knots» or random drops of the burden. The alloy discharge was occurred 

every two hours into the iron pans. After the metal discharge process there was gas torch escaping the 

furnace hole. Melted alloy bars were exposed to chemical analysis after they had been cooled. The slag 

quantity was negligible.  

10.84 % barium -bearing alloy - silicon-manganese was examined in a laboratory when being processed the 

А14 type steel mark in VSG 30A vacuum induction oven (VIO). The oven capacity is 65 kV∙А, the current 

frequency is 4000 G, the tension is 250 V. Steel bar with the following combination (mass in %) 99.42 Fe; 

0.084 C; 0.38 Mn; 0.04 Si; 0.06 Al; 0.02 S was used as a burden material and the following additional 

materials were put into a dosimeter: carbon, metallic manganese (97 % Mn), sulfur, ferrum oxide (III). The 

complex ferroalloy was in the pan bottom intended to the metal casting. In an hour after the oven had been 

turned on there was the introduction of argon thus increasing the oven capacity up to 40 kV∙А. After the oven 

was turned off the bar was being cooled in argon medium. Template bottom was exposed to spectral atomic-

emissive analysis. 

2.3 Results and discussions 

Various marks of 1.56 - 10.84 % barium-bearing ferroalloy were produced as a result of the conducted large-

scale laboratory tests [11]. The percentage of barium content was determined by means of gravity-metrical 

mode the methodic implementation of which is described in the transaction [12]. The components extraction 

rate into the alloy is (%) the following: 84.09 Mn; 78.03 Si; 78.26 Ba. The slag chemical composition (mass, 

%) is the following: 12.20 MnO; 39.74 SiO2; 32.72 BaO; 1.87 FeO; 10.41 Al2O3; 2.59 СаО; 0.45 MgO; 0.029 

P2O5. The condensate chemical composition, mass in. % is: 14.91 Mn; 21.71 Si; 6.72 Ba; 4.55 S. The slag 

multiplicity was 0.3. Power energy consumption was 295 kVt∙h. In accordance with the conducted 

experimental researches and obtained results the burden composition needed for the 2 % barium-bearing 

alloy production is located within the F2S-BS-M2S-S tetrahedron area (Fig. 1).  

The barium content in the alloy is less than 1.5 % where the correlation of manganese to silicon is 1.6 that 

doesn’t practically influence to the properties of treated steel, but if the barium content is more than 10 % 

there can be observed the crumbling of the alloy that makes it impossible to apply it for the steel treatment 

due to the alloy fine fractions removal by the gases escaping the steel, thereat the barium extraction rate 

declines and the alloy production cost increases. The scientific-experimental research has found out that the 

barium transfer into the alloy is conditioned by the accompanied process of silicon reduction. Thus, as well 

as the percentage increase of silicon contented in the alloy (35 %), there is an percentage increase of 

barium contented in the alloy (from 1.5 % to 10 % and more) until the percentage of silicon contented in the 

alloy increases up to 40 % and more. The steel composition is determined by means of the spectral atomic-

emissive analysis which is the following (mass, %): 0.104 С; 1.32 Mn; 0.071 Si; 0.3 S; 0.0085 P; 0.052 Cr; 

0.045 Ni; 0.005 Mo; 0.003 W; 0.0009 Ti; 0.042 Cu; 0.013 Al; 0.005 V; 0.003 Nb; Fе - the rest proportion. The 

barium isn’t found in the steel by means of gravity-metrical mode. The produced steel contains high-rate 

sulfur percentage that allows it to be applied for the treatment processes by automate-devices. Such steel 

can be easily processed and chips can be easily removed from cutting area without choking up a milling-

machine. 
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CONCLUSION 

On the base of the results of thermodynamic-diagrammed analysis of the В-S-M-F and Ba-Si-Mn-Fe multi-

componential systems it’s found out that the optimal burden composition needed for melting of 2 % and more 

barium-bearing alloy is located in the F2S-BS-M2S-S tetrahedron area. There has been the conduction of 

large-scale laboratory tests for technology of melting of the complex ferroalloy based on manganese with 

chemically active addition of alkaline-earth metal - barium in ore-thermal oven with a transformer capacity of 

200 kV∙А applying the natural raw material of Kazakhstan. Various marks of ferroalloy have been produced 

in which the barium content equals 1.56 - 10.84 %. The components extraction rate into the alloy is the 

following, %: 84.09 Mn; 78.03 Si; 78.26 Ba. The slag multiplicity is 0.3. The 10.84 % barium-bearing alloy 

has been probed with the aim of А14 type steel mark production in VSG 30A vacuum inductive oven and its 

technologicality has been determined when being processed the steel. 
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Abstract 

It has resulted from the recently processed study among metallurgical and cooperating companies that many 

of the companies’ managers did not motivate their employees to improvement ideas submission at all, some 

of the companies even had discontinued any such already existing form of motivation incentives. At the 

same time there were only few companies that had their employee motivation systems well prepared 

according to their specific conditions. The paper attempts to explain the importance of well prepared and 

implemented motivation system for employee creativeness. It also warns from steps or elements of the 

preparation process.  

Keywords: creativeness, employees, motivation, Czech industry 

1. INTRODUCTION 

Firm’s capability to promote innovation and creativity is one of the key drivers of competitive advantage [1]. 

Any firm needs creative employees to develop and apply their creative potential to be able to offer innovative 

products. Organizations must place a premium on employee creativity. The main reason is the consumers´ 

behavior  in the „advanced“ western world - the products have shorter and shorter lifespan or the desire to 

be “in” will, for example in case of technical incompatibility of computers, force the consumers to put the 

products among useless junk. [2] Employees able and willing to generate creative ideas as the source of 

innovation and thus the source of an organization's competitive advantage must be motivated. [3] 

Employee motivation is a very common topic of scientific papers and surveys. Therefore, there exist many 

manuals on how to motivate and evaluate employees.  

Any company is filled with creative employees. Some of them are easy to involve but many others are 

keeping their creative potential „secrecy“. Learning how to motivate creative employees can give an 

advantage over the competition. The way creative employees are treated has a snowball effect on the 

organization as a whole. By creating a culture that inspires creativity, employees can be motivated from all 

areas of the company to offer more ideas. That diversity improves business ideas pool and increases its 

chance of success. In the crisis times it is necessary to realize that, fortunately, financial remuneration tools 

are just one but very important part of the motivation process.  

There exist many myths or even blindness among managers and owners of companies regarding the 

necessity of employee motivation. The following text uproots some of the most common. 

2. METHODOLOGY 

As the source of managers’ myths, results of the survey made among Czech metallurgical and cooperating 

companies between the years 2009 and 2011 were used. The survey aimed on the area of innovation 

management in the companies. Logically, one group of questions was dedicated to the area of employee 

creativeness and related motivation tools. 

mailto:andrea.samolejova@vsb.cz
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Authors in their previous paper [4] analysed the motivation for employee innovation activities and 

creativeness as whole. It discovered that many of the companies either unintentionally or, in worse case, 

intentionally hinder employee creativity. As mentioned in the introduction many studies and following 

manuals recommended motivation tools as incentives for employee creativeness. Some ideas from the 

studies and specially their applicability in the Czech industrial companies will be applied in answers and 

explanations to most frequent questions and “alibi” of managers who partially denied the need of employee 

creativeness motivation. 

3. EXPERIMENTAL PART 

From the survey there appeared certain questions from managers who were not very pro-motivating to their 

employees. It is necessary to motivate the management at first. It is necessary to convince managers about 

the importance of such motivation tools implementation. The four most frequent as well as the most 

important questions will be answered below: 

Question 1: Why should we spend some extra money or effort on our ordinary employee 

creativeness? We do not expect our basic workers to be creative as they cannot offer us a sufficient 

return on these investments.  

Answer 1: More and more often successful and highly competitive companies do not rely on seeking highly 

creative and innovative employees. They are very expensive compared to “normal” employees and 

moreover, it is not easy to find those who would fulfill a specific focus of the companies. It becomes more 

efficient to motivate, train and then involve "ordinary" employees who would fit the company's demand as for 

their basic qualification and experiences. Just like the Toyota and other highly innovative companies have 

been practicing for decades, it is more efficient to develop own creative employees from the ordinary 

(replaceable) low-skilled mechanical workers to (unique) life-long-learning human resources. There are two 

main drivers supporting this development: First, all workplaces are becoming more and more complex. In 

industrialized countries, simple physical work has long been almost fully automated what in turn means that 

employees need increasing skills and expertise to handle their equipment. Second, future employees 

increasingly expect to realize their potential at work, to develop and challenge their professional talents, and 

to be taken seriously as organizational members. So they demand satisfying jobs. So firms must compete to 

attract and retain the best human talents to stay competitive. [5]. 

Question 2: In our company there employees earn salaries above the average level in our branch. 

And still we receive nor innovation incentives, nor improvement ideas neither extra working effort 

from them. We do not believe that any extra pro-motivation environment would change this state.  

Answer 2: Creativeness does not come first. It is expected as the second employee contribution to their 

employers. Workers cannot just create new ideas, have innovative thoughts or suggest some improvements 

without doing what they were hired for primarily - their job. Unless they are working in a creative business 

area such as promotion, advertisement, design and so on. This paper focuses on all employees in 

metallurgical and cooperating industries. They are not primarily hired to bring new ideas and innovate on the 

first place of their list of duties. That is understandable. What is not understandable is the fact that most of 

them never learn from their managers that they could bring any ideas for improvement into their work, 

working processes and organization of their work places and to be evaluated for it.  

Salaries themselves are not a motivating factor as already Frederick Herzberg in his Motivator - hygiene 

theory taught [6]. Any financial remuneration for employee creativeness would be useless without existence 

of a system motivating environment which encourages and motivates employees to their work tasks at first. 

The data of the survey [7] among employees of the metallurgical and cooperating companies in the North-

Moravian region of the Czech Republic collected between the years 2009 and 2011 enabled to define five 

key signs of motivating working environment: 
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 Appreciation, security and stability 

When employees feel appreciated, acknowledged and respected they give hundred percent of their time, 

effort, and work devotion to their employer in return. Any manager should create a work environment that 

provides employees with the opportunity to achieve their goals via their experiences what they value most in 

their professional lives. Employees feel more secure (and so more comfortable and so happier) knowing that 

they work for a stable company with certain tradition, a level of prestige and a good name in the labour 

market offering a good working conditions. For example, if the company offers to its employees´ 

outplacement services, employees feel more secure that even in the worst case - that they would be 

released from the company; they would be taken a professional care of. Having or not having such safeness 

feelings make a huge difference in employees’ performance. 

 Mutual goals 

If an employee feels as an equal member of the company family, just like every other employee regardless a 

level he/she works it is easier for him to accept company’s goals as his own. That reflects in the intensity of 

his participation in the goals achieving. There should be some clear relation between the company’s turnover 

(or another economic variable) and employee year or half-year bonus. 

 Joy instead of fear 

Fear should never be used as a motivation strategy. It may get managers what they want at the moment, but 

in the future managers will face employee anger, resentment, and lack of enthusiasm and commitment. 

When employees feel that supervisors or managers care about them and that they are perceived as 

respected and valuable members of the organization, they are more cooperative, enthusiastic and committed 

to organizational goals, both in the present and in the future. Laughter is good for the soul but for the mind 

and body. Having fun and joy is a basic human need, and when it’s met in the workplace, productivity goes 

up. Happy employee is less often sick, what’s a good news for his employer. 

When employees feel nurtured, appreciated, acknowledged, and respected, they’ll give 100 % of their time, 

effort, and commitment in return. The job of the manager is to create a work environment that provides 

employees with the opportunity to attain their goals and experience what they value most in their 

professional lives. 

 Respected and considerate managers with a feedback policy 

Modeling the behavior managers want from their employees is the most effective way to change any 

behavior. Employees rather obey a manager, who is their mentor, their behaviour patter than if they are 

expected to obey an uppity manager with no sense of empathy, no charisma and no natural respect. For 

example, if managers want employees to arrive on time, they should be in early or at least arrive at an 

acceptable time. If managers expect motivated employees, they need to become a role model for motivation. 

If they want a feedback or ideas for improvement they must be ready to hear and especially bear a critique 

too.  

Stakeholders need managers who make good decisions on innovation. Nevertheless, such decision-makers 

need from owners/stakeholders specific and context-based information, including [5]:  

 an overview of the firm's activities - routines the company currently carries out and how successful it 

is;  

 related insights into the company's general strategy, its targets, and its future plans;  

 knowledge of the environment in which the company acts and an idea of future trends with respect to 

markets, technological developments, regulations, and so on. 

 Never-ending process 
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Some managers set a great motivation system in the beginning of their “management” and think their work is 

over in this area and focus on production only. They are so wrong. Motivating employees is an ongoing 

process because people are continually growing and changing. As they achieve something they want or 

value, they then seek to achieve more of the same. If motivation is not kept on managerial front burner, the 

extra effort, enthusiasm and engagement of employees slowly fade and die out. 

Question 3: Are there any incentives for creative employees’ motivation without involvement of extra 

funds?  

Answer 3: This question is very actual due to the economical crisis. A motivating and stimulating working 

environment is the base for employee creativeness. Individuals work for many different reasons. Financial 

rewards are frequently a key factor in influencing why individuals undertake certain jobs. However, money is 

not everything. Employees want to enjoy their work, be challenged by it and achieve personal fulfillment. 

Partially, the question was answered in the previous part. Non-financial awarding can be delivered only by 

respected and considerable managers. And specifically, managers who give feedback on new ideas are 

extra valuable as for the employee creativeness motivation. Generating new ideas takes time and effort, so 

employees need to know that their creativity is valued. Not just one-way asking employees to give feedback 

and suggestions. That needs to be a reciprocal road. Therefore a feedback plays an important role. When 

managers solicit creative ideas, a point person must be established to give feedback on each of them. The 

more employees understand why their ideas did or did not work, the more motivated they will feel to offer 

ideas again.  

Also managers, who not only recognize but also reward collaboration, are the right persons in their 

position. Creativity is typically an iterative process, where one person says the initial idea and others jump in 

to improve it. The best teams build off each other, so they need to be motivated to work together. People are 

competitive creatures so some managers think that announcement of some prizes for “best idea” can 

support creativeness. Nevertheless, prizes for the best ideas often encourage only competition not 

cooperation itself. What in the end paralyse any creativity and upsets those whose contributions go 

unrecognized.  

People are motivated if they understand what their idea of improvement is good for. When a manager solicits 

creative ideas, his team must learn what he hopes to accomplish. Knowing a specificity of idea’s target 

empowers creative employees to succeed. Also clearly identified and promoted innovation opportunities of 

the company mean a base for employees to get motivated and involved in the innovation process. People 

get motivated when they become a part of decision-making process or at least feel that way. That is the 

mutual-goal-feeling mentioned in the previous answer. 

Question 4: Aren’t there any restrictions or limitations of employees’ involvement into the company’s 

innovative processes? 

Answer 4: Yes, there are also critical factors that may considerably hamper employees' idea generation but 

also employer’s expectations. They are:  

 time;  

 resources [5].  

As long as employees of metallurgical industry are not usually expected to come up with new ideas, there is 

no reason to allow time and resources for these activities. Employees of metallurgical companies should not 

be given a fix percent package of free time or even company’s resources for unlimited ideas generation juts 

like employees in high-tech industry. Thus, employees can only generate ideas using their own free or break 

time and resources. In the worse case they must be breaking the firm's regulations and redirecting 

resources. Managers should set clear regulations and conditions of “idea creation” within an official work 

period. It is closely connected with the manager’s approach to employee ideas collection and reaction to 
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them. A good manager will listen carefully to any new idea and will be able either to stop it in the beginning 

or, if he can see a potential in it, to enable the employee to develop the idea within a clearly defined time and 

resource limits. 

4. CONCLUSION 

Employees are the most valued source of innovation incentives and ideas generation. It is meant for all 

employees, not just those from R&D department. Metallurgical companies are not an exemption from that. 

As the survey from the years 2009-2011 proved, majority of managers of Czech metallurgical and 

cooperating companies have been very dubious as for incentives to creative and innovative activities of their 

subordinates. This paper answered to only few but most common questions, doubts and hesitations in this 

area. There is one clear recommendation mutual to all the answers and explanations: managers, as well as 

stakeholders must realize that when it comes to motivating employees to creativeness behind their job 

duties, the person of the manager is the key factor of a success or a failure of the employee creativeness 

incentive programmes. When they doubt it they are not in the right position. The need of employee 

participation in the company’s innovation process must be taken seriously, its intensity carefully considered 

and their duties and competences adjusted accordingly. It is also the motivating environment that 

encourages without extra funds to employee driven innovations. But still, no matter how well the incentive 

programs were prepared for the company employees, the final output lies on managers who realize them. 
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Abstract 

Investigations of metal materials properties were always based on performing tests, for confirmation of 

mechanical properties mainly tensile tests were used. However, due to complicated state of stress after neck 

occurrence, these cannot be used for practical application at industrial forming processes. That's why 

plastometric tests (torsion, press) are further utilized, their outcomes are curves of stress-strain dependence. 

After applications of large strains tests always result in curves with maximum stress value corresponding 

to the peak strain value . Reaching of this strain value induces (dynamic) re-crystallization or start of 

recovery. It is mostly one single point on the stress-strain curve, which can be defined unambiguously and 

mathematically described depending on the basic parameters. Single curves may vary in accordance with 

various ways of plotting, basic parameters (temperature T, strain  and strain rate ), additional conditions 

(chemical composition influence and history of the material - residual strain after incomplete re-crystallization 

or recovery), structure influence (phases portions, grain size), etc. The paper is focused on various methods 

of peak stress description on the basis of Gleeble plastometer tests results and Plane Strain Compression 

tests. 

Keywords: Stress-strain curve, peak stress, Gleeble plastometric test 

1. INTRODUCTION 

Efficient forming of material requires understanding of processes, which run in material during hot forming. 

Emphasis is put on the development of mathematical models, which would be able to predict the curves of 

stress dependence on deformation under various conditions of forming [1]. The most important value, which 

must be determined is the so called peak (maximal) strain, at which dynamic re-crystallization starts in the 

material and its softening takes place till achievement of the steady state, at which equilibrium occurs 

between hardening and restoration processes (creation and annihilation of dislocations). Authors of the work 

[2] proposed one of the methods for determining this mathematical value. Theoretical analysis is also 

completed by a parametric expression of the strain peak value, which is described by the equation 

,  where Z is the Zener Hollomon's parameter of the temperature compensated strain rate in the 

form of , and W is the temperature compensated time . 

2. PEAK STRESS (AND PEAK STRAIN) 

If we omit the basic Hollomon's power-law function as the truly basic equation for description of only 

strengthening branch of the examined stress-strain curve in the form 

              (1) 
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then the following equations already describe to some extent also the part of the curve after reaching the 

peak stress value, marked as . This value is at the peak strain usually regarded as the beginning of 

dynamic re-crystallization. The real critical value is usually reported by many authors as smaller one and 

we can determine it approximately as . We present the following equations only to show 

some of the many variants of more complex description of the dependence . In each of the 

following equations the  represents the value of general magnitude of deformation, it means also the 

possibility . The persisting problem consists in the fact that it is rather difficult to determine the value  

mathematically, so this is solved by reading the results from the concrete course of plastometric tests [3, 4]. 

The basic types are equations with several constants (5 to 9 constants Q) of the Hensel - Spittel type [5]  

   iQ
Q

i
Q

iTQQ   5exp43
2exp1

         (2) 

We present CRM equations as an example of practical equation for concrete material [6]   

   5,0
exp1   rSSk           (3) 
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1Q  is contents of manganese in [%], 
2Q  is contents of carbon in [%], 3Q  grain size in [m], and   is 

relative strain 

1

21

h

hh 
 , 

1h  and 
2h  represent initial and final height (thickness) of the rolled product, 

attention - the constants Q1 to Q3 are valid here only for the equations (3-5)! 

The following equations exist in various variants, e.g. equation of Gittins et al. [7-9]. 
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Equation of force description: 
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Equation for description of hyperbolic sin: 

  45
2sinh1

Q
i

Q
ZQQ                (8) 

where:  RTQiZ /3exp   is the Zener - Hollomon's parameter, 3Q  is activation energy in [kJ.mol-1], and 

R is gas constant.  

In all the above equations (except for the equations 3-5)  is natural resistance to deformation in MPa and 

the coefficients 54321 ,,,, QQQQQ are material constants describing strengthening (unless it is specified 
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otherwise at particular equation). It therefore follows from the above equations that exact determination of 

the peak stress value  is difficult. 

If we model the stress curve till the peak value - it is possible to describe its course by the strengthening rate 

θ. In this case it is possible to describe this value as follows [2]: 

            (9) 

If this assumption     is valid, then it is possible to write this equation in the form: 

           (10) 

where  c … parameter depending on the type of material in  the form c = a+bT 

Several authors [10, 11] have already tried to describe mathematically critical strain value for initiation of 

dynamic re-crystallization with use of the curve of dependence of θ-σ. It is, however, necessary to take into 

account apart from the energy accumulated in the material also the kinetics of the running processes. When 

plotting the curve of dependence  -  is the minimum of this curve, the point at which dynamic re-

crystallization starts. This point can be calculated mathematically as the first derivation of  according to . 

This value is equal to the inflection point on the curve of dependence of θ-σ. By modifying the equations it is 

possible to obtain the final equation for calculation of the critical strain .  

         (11) 

The critical strain value is slightly different from the value of the peak strain of the material, it ranges mostly 

from (0.65 to 0.8) εp [12]. It depends, inter alia, also on the initial grain size (smaller grains mean smaller 

value of critical deformation due to the higher volume fraction of grain boundaries), and on the alloying 

elements. 

The so called Arrhenius equation is often used for description of the relationship between the strain rate, 

stress and temperature (especially at high temperatures). 

           (12) 

where:  B, n … constants 

 Qdef … activation energy for hot deformation  

Determination of the value Qdef using the dependency graph ln (σp) - 1000/nRT is described in the works [13, 

14]. The constant n can be determined by the linear dependence graph ln ( ) to ln (σ). 

One of other possibilities for description of actions running in the material and of related material parameters, 

is description of re-crystallization kinetics by equations of the Sellars-Tegart-Garofalo type [8]. It is therefore 

possible to write the equation for hot forming in the following manner: 
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            (13) 

where: A1 ... pre-exponential factor 

 , n … parameters of stress sensitivity to the strain rate  

  Q activation energy, (J/mol),    

 R gas constant R = 8.314 J/(mol1K-1) 

This general equation is further specified for . The above equation can be again modified by using the 

Zener-Hollomon's parameter [15]. 

         (14) 

By modifying this relation we can get  

            (15) 

and then the form for determination of the peak stress  

     (16) 

which can be mathematically expresses also as  

             (17) 

For completeness we derived also the peak strain, which is based on the equation . We can 

modify it in the form and use it for the following linear regression analysis  

   (18) 

This modification leads to the possibility of mathematical notations in the form  

          (19) 

         (20) 

From the derived mathematical relations for the peak strain and peaks stress it is then possible to determine 

also description of general stress-train curves as 

          (21) 
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3. EXPERIMENT 

For mathematical description of the 

stress-strain curve for the steel 

marked as CZ1 the results from 

experiments on the plastometer 

GLEEBLE on flat samples of 

10x15x20 mm were used. Three 

strain rates, namely 0.1 s-1, 1s-1 and 

10 s-1, were used for plastometric 

tests. Stress and strain fro these 

strain rates were measured within 

the temperature interval from 800 

C to 1200 C, with a step of 50 C. 

The graphs below show the 

courses at two strain rates. On the 

basis of successive linear 

regressions and determination of 

the constants (A, α, n) the 

activation energy Q calculated for 

the final equation for the strain rate 

(already mentioned equations (13) 

and (16)) and the values were calculated.  

n

A

RT

Q

cp

1

exp

sinharg
1




































                   (22)   

For completeness we calculated also the value of peak strain, again in the form of already mentioned 

equation (20) 











T

X
Y

a

pcp sinhargexp               (23) 

where a  is the slope for various temperatures,  X is the slope , Y is the point of intersection with the axis y.  

The exponent d , which is a function of temperature, was determined as an average value and it was 

substituted into the final equation [25, 32], where σp-c is calculated peak stress, or εp-c as calculate peak 

strain. 

d

cpcp
cp











































 1exp                                            (24)  

The graph in Fig. 1 shows the dependence of stress on deformation at one of the three investigated strain 

rates. These values are experimental. All the curves show a rapid rise to the maximum stress, which is 

characterized by peak strain and peak stress. This is followed by gradual decline to an equilibrium state. As 

expected, with the decreasing temperature of deformation the values of peak stress and peak strain, and 

thus of the steady state increase, and they are characterized by grain refining during dynamic re-

crystallization [25, 32]. For calculations we used the experimental values. These were only the peak values 

Fig. 1 Example of plastometric result 
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of strain and stress at the following temperatures: (800, 850, 900, 950, 1000, 1050, 1100, 1150 and 1200)˚C 

at the strain rates (0.1, 1, 10) s-1. For mathematical evaluation we used the entire available range of 

temperatures and corresponding experimental results. 

 
Fig. 2 Comparison of the measured (experimental) and calculated results 

 

 
Fig. 3 Experimental and calculated values in full stress-strain curves 

 

The graph in Fig. 2 shows a comparison of experimental and calculated values with very good agreement, 

Fig. 2, which is then reflected also in comparison of the stress-strain curves, Fig. 3. 

The constants for establishment of the functional dependence between the experimental and calculated 

peak values of stress and strain were calculated with use of the above equations. Graphs (2 and 3) show 

the relationship between the experimental and calculated stress values and plot complete strain curves. 
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Table 1 Comparison of experimental and calculated results of peak stresses and peak strains for three strain 

rates and T = 800 - 1200 C 

T(˚C)   0.1s-1    1s-1    10s-1  

 p pc p  MPa pc  MPa p pc p  MPa pc  MPa p pc p  MPa pc  MPa 

800 0.20 0.22 171 190 0.36 0.29 200 212 0.30 0.37 273 226 

850 - - - - - - - - - - - - 

900 0.21 0.22 124 134 0.32 0.28 164 181 0.34 0.37 204 207 

950 0.21 0.22 99 109 0.36 0.28 133 157 0.37 0.37 177 195 

1000 0.25 0.22 96 90 0.36 0.28 116 131 0.49 0.37 155 179 

1050 - - - - - - - - - - - - 

1100 0.21 0.22 61 64 0.26 0.28 88 94 0.44 0.37 116 136 

1150 0.22 0.22 50 55 0.25 0.28 80 80 0.33 0.37 98 117 

1200 0.19 0.22 46 48 0.23 0.28 67 70 0.33 0.37 89 102 

3.  CONCLUSIONS 

Calculations of peak stress on the strain curves belong to the fundamental mathematical analyses of the 

forming process at determination of the h resistances to deformation. The used equations, which take into 

consideration the basic process parameters, such as temperature T, strain and strain rate  (in some cases 

completed with the effect of the elements, deformation history, cast or formed state, structure, ...) are used 

for description of the complete curve both in the strengthening and restoration areas. It is difficult to 

determine the highest of them, i.e. the peak stress as it is necessary to substitute into the equation the 

experimentally determined peak strain. On the basis of the now classically used Sellars-Tegart-Garofalo 

equation and known procedures for determination of the activation energy Q it is afterwards possible to 

determine mathematically the searched value of the peak stress. When we complete this analysis also with 

the mathematical description of the peak strain and if we merge those values into the final equation, we will 

obtain also the possibility of determination of complete stress-strain curve. For illustration we present just an 

example of an experiment with its evaluation without specific values of the material composition and material 

constants (we present the activation energy at hot deformation of the steel CZ1 at the magnitude Q = 

303,800 J/mol. calculated by us). The stress-strain curves were plotted for the strain rates (0.1, 1, 10) s-1 on 

the basis of the experimental values, and graphical dependences were constructed for comparison of 

experimental and calculated peak stress and strain values. The calculated values of the peak strain and 

peak stress were recorded in Table 1. It is evident form the graphs (2 and 3) that the calculated values are in 

all cases consistent with the experimental values. 
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Abstract 

This paper presents the problem associated with the transport of the proper product and scrap of sheet 

metal, result of trimming process in the production of the high volume press production. The main problem 

limiting the performance and reliability of the process is the phenomenon of blockage of the runners. To 

predict the effects of trimming process numerical simulation was performed using software that runs on the 

basis of solving differential equations using finite element method. For this purpose, the program the 

eta/DYNAFORM was used, which has a special unit responsible for numerical simulations of the process of 

trimming. This module is called SCRAP SHEDDING&REMOVAL. In a complex process of trimming the 

model takes into account the blank is made of sheet metal, a set of tools, a template for trimming and 

runners. Applied to numerical simulation based on the description of the three-parameter Barlat'smaterial 

model. The main problem limiting the trimming process is appropriate runners geometry to the geometry of 

the waste. An important aspect of the simulation is to predict which way the scrap take and to make 

correction of the runners geometry in such a way to completely eliminate the phenomenon of runners 

blockage. 

Keywords: numerical modeling, FEM,trimming process, scrap 

1. INTRODUCTION 

One of the most popular techniques to optimize metals processing technology is numerical modeling. 

Processes of plastic forming, casting and joining of metals, as well as of every descriptionancillary operations 

are now, before the implementation of industrial, are increasingly validated using the numerical modeling. 

Most popular method is the finite element method (FEM). This method allows to obtain complete information 

about the process and its outcomes expressed for example in the form of mechanical properties of the 

product, the image of the microstructure, the distribution of stress, strain or temperature field and velocity 

field.Nowadays, metal stamping industries have been characterized by a strong demand for reduced 

development costs and time. Therefore, computer aided product development has become one of the most 

important techniques in the stamping industry [1,2]. 

Paper presents the problem of movement of the blank and the waste of sheet metal, formed after the 

process of trimming the presses in high volume production. The main and basic problem limiting the 

performance and reliability of the process is the phenomenon of clogging runners. To predict the effects of 

the process of trimming performed numerical simulations using the software eta/DYNAFORM using a 

dedicated module SCRAP SHEDDING&REMOVAL. The main advantages of its use in terms of numerical 

modeling are: 

 ability to quickly identify defects in design tools, trimmers, 

 optimization of the process of removing scrap, 

 eliminating time-consuming and costly experiments carried out in the real world, 

 virtual designing tools, proposals for changes to improve performance and reliability of the process. 

In a complex process model includes trimming made of sheet metal blank, a set of knives, die and runners. 

The process of trimming, its performance and reliability is limited by inadequate runners geometry to the 
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geometry of the waste. An important aspect of the simulation is to predict which way takes waste in the 

gutter drain and possible correction of the geometry in such a way as to completely eliminate the 

phenomenon of clogging gutters.  

Currently, there is no literature references dealing with the optimization of the trimming presses using 

computer modeling - both in terms of low- and high volume production. The work is a kind of supplement 

issue, which refers to the numerical modeling of complex manufacturing processes of stamping 

technologies. The technology also includes these ancillary operations such as trimming. This approach 

ensures design in a comprehensive manner across technologies. 

2. CHARACETERISTICS OF TRIMMING PROCESS 

Modeled trimming process consists of two running at the same time sub-processes. The first is a falling 

semi-products formed in the previous trimming operations, while the second is trimming the next batch of 

blank, taking over the semi-product formed by the unit receiving the waste and dropping runners. Fig. 1 

shows a top view of the feed material to the process of trimming in accordance with this arrangement as after 

placing it on the press. Differentiation of colors indicates the lines of cutting. 

 

Fig. 1 Top view of the feed material to the trimming process 

3. PROCESS MODEL 

3.1  The complexity degree of the model 

Model trimming process on presses in high volume production is very complex. It is composed of more than 

thirty elements - the press body with stand, runners, dies, trimming knives, equipment for intercepting 

workpiece blank after trimming process, a feed material as sheet with cut lines marked. Complex, a complete 

model the press along with cutting tools is presented in Fig. 2.  

Trimming no 1 

Trimming no 2 
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Fig. 2 Model of set of tools for trimming 

The numerical model uses three-parameter Barlat model [3,4], described by given formulas (1-4): 

R_XX = R_XX(ϕplast); XX for 00°, 45° and 90° (1) 

E = E(ϕplast) (2) 

V = V(ϕplast) (3) 

kf_XX = kf_XX(ϕplast); XX for 00°, 45° and 90°  (4) 

where: 

R_00, R_45 and R_90 - three constant Lankford coefficients / R-values,  

E - one constant Young’s modulus,• 

V - volume 

kf(ϕplast) - one yield curve 

The material is mild steel DQSK, its characterized by low strength steels with essentially a ferritic 

microstructure and some strengthening techniques. To describe the material is used strengthening curve 

(Fig. 3). 

 

Fig. 3 Strengthening curve for blank material during trimming 

Press body 

Runner 

Intercepting equipment 

Stand 

Cutters 

Dies 
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Table 1 shows characteristics of the model material. 

Table 1 Characteristics of the model material 

Mass density  

[g/dm3] 

Young’s Modulus 

[GPa] 

Poisson’s Ratio  

[-] 

7,85 207 0,28 

Lankford Parameter 

R00 [-] 

Lankford Parameter 

R45 [-] 

Lankford Parameter 

R90 [-] 

1,95 1,63 2,21 

It should be emphasized that the selected model is more accurate than one parameter model, but 

significantly increases the computation time. The model also takes into account the cutting speed for each 

cutters representing the press tooling. This rate for the first simulations was set default by the software. 

3.2  Time-consuming calculations 

Because of the previously signaled high complexity of the model of the process, numerical calculations are 

very time consuming. To reduce computation time, not all elements of the model have been meshed. It is not 

necessary to discretization base of the press, as well as the body - these elements are not in direct contact 

with the tools (knives, runners, receiving devices) and blank material. Simulations were performed for three 

variants where the variable was the size of a grid element blank. Dependence of the length of time the 

calculations of the size of the grid element of the blank material is presented in the graph in Fig. 4. 

 

Fig. 4 Dependence of the length of time the calculations of the size of the grid element 

For the smallest grid element size computation time was 89 h, 78 h for medium and for large it was 63 h. 

After comparing the results of calculations, there was no significant difference between the results of the 

simulation. It is assumed that the model with a large element mesh size is adequate for the numerical 

simulation of such processes. 

4. RESULTS 

The first simulation of process gave interesting results. Fig. 5 presents images illustrating some phases 

trimming process. 
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a) 

 

b) 

 
c) 

 

d) 

 

Fig. 5 Chosen phases of trimming process a) step 1, b) step 10, c) step 30, d) step 55 

It was found that with cutting speeds pre-selected by the software, the blank from the earlier operation does 

not have time to fall from the guiding rails of the receiving devices on runners and tapes transporting until the 

next cutting process. Therefore, a collision of semi-productsfrom first stage will occur with these from the 

second stage (Fig. 6). 

 

Fig. 6 Collision of semi-products 

This situation will cause a number of problems, including chocking the material in the receiving devices and 

the drain gutters, which can result in stopping the production line. 

Collision 
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In another simulation speed of trimming were differentiated to avoid blankcollisions occurring before. This 

treatment extended indeed the total trimming operation time of 0.2s (about 15 %), but thanks to that 

prevented problems created earlier. 

5. SUMMARY 

Constant and continuous development of manufacturing processes in the automotive industry aimed at 

increasing the reliability and performance requires the use of new solutions, which, prior to the 

implementation of the industry must be checked. Due to the high cost of testing in industrial conditions use of 

numerical modeling is recommended. Presented in this paper numerical simulations were carried out using 

the software eta/DYNAFORM with a dedicated module SCRAP SHEDDING&REMOVAL represent an 

innovative approach to the numerical modeling issues and an increasing use of the FEM - even to simulate 

the auxiliary processes such as trimming and transport. 
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Abstract  

The simulations results of round forged parts are presented. The calculations are performed using QFORM-

2D software based on the finite element method. The paper gives the comparison of the results of forming of 

round forged parts with mechanical press and hammer. The calculation results were compared for different 

parameters especially to study distributions of temperature, effective strain, flow stress and changes in 

loading. The technological parameters were determined, which may provide guidelines when the method is 

implemented into production. 

Keywords: FEM simulation, forging, round forged parts 

1. INTRODUCTION 

Computer modeling of metal forming processes is nowadays widely used for optimization and shape 

prediction of newly designed parts during their manufacturing. Recently in the forging industry there is a 

strong tendency to decrease the time of preproduction, the cost of the forged part and, at the same time, to 

improve the quality of the parts. Without the knowledge of the influence of variables such a friction 

conditions, material properties, workpiece and forging part geometry on the metal flow, it would not be 

possible to design the dies adequately or to predict and prevent the occurrence of forging defects such as 

laps, folds etc [1-12]. 

At present there are the number of FEM systems to numerically investigate the forging process. Programs 

related to issues of forging include: QForm [1-3,5,6], MSC Superform [8], Deform [9], Forge, MSC Marc [10]. 

QForm-2D/3D (Quantor-Form Ltd., Russia) uses the flow formulation for material behavior. The estimation of 

the QForm simulation results was carried out in several works [1-3,5,6]. The analysis of these papers shows 

the good compatibility between the results of numerical simulation and experimental data.  

The purpose of this article is to compare the 

results of computer simulation of forming of 

round forged parts in mechanical press and 

hammer on the distribution of temperature, 

effective strain, flow stress and changes in 

loading. For computer simulation of forging 

toothed wheel is selected. The shape and 

dimensions of it are presented in Fig. 1. 

Based on the available literature guidelines 

[12,13] constructed two forgings - one on the 

mechanical press (Fig. 2a) and the other for 

hammer (Fig. 2b).  

 

 

 
Fig. 1 Shape and dimensions of toothed wheel 
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a) b) 

  

Fig. 2 Drawing of forged axisymmetric parts intended for stamping with mechanical press (a) and hammer 

(b); where: external wall tilt on the forgings forged with press are 3˚ and with hammer 60, other 

rounding radius are R = 4 mm 

2. NUMERICAL MODELING WITH QFORM-2D 

Calculations of metal flow and study distributions of temperature, effective strain, flow stress and changes in 

loading were carried out with commercial code QFORM2D based on Finite Element Method (FEM).  

2.1  Models and assumptions 

The numerical model for FEM simulation is based on flow formulation [11] where the material is considered 

as incompressible rigid-viscoplastic continua and elastic deformations are neglected. The system of 

governing equations includes dynamic equations  

0, jij    (1) 

compatibility conditions 

)(
2

1
,, ijji

ij

 


           (2) 

constitutive equations 

ijij



 





3

2
            (3) 

incompressibility equations 

0, ii              (4) 

energy balance equations 



  iikTTc ,)(            (5) 

and flow stress given by equation 

),,( T


              (6) 

where ij , ij



 , i  are the stress, strain rate and velocity components respectively,  , ,


  are the effective 

stress, effective strain and effective strain-rate, respectively, T  is the temperature,   is the heat 

generations efficiency which is usually assumed as  =0,9-0,95,   is the density, c is the specyfic heat and 

k is the thermal conductivity. 
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Friction model proposed by Levanov [11] is used on the contact part of workpiece surface 

)25,1exp(1(
3 

 n
t mF            (7) 

where m is the friction factor, n  is the normal contact pressure. Expression (7) can be considered as a 

combination of constant friction model and Coulomb friction model that inherits advantages of both ones.  

Equations (1-4) were transformed into discrete form by means of virtual work-rate principle and finite element 

technique. 

The parts for simulation (Fig. 2) have been made from C22 steel. Chemical composition of C22 steel is 

presented in Table 1. 

Table 1 Chemical composition of the C22 steel [14]  

C Si Mn P S Cr Mo Ni Cr+Mo+Ni 

0.17 ÷ 0.24 0 ÷ 0.4 0.4 ÷ 0.7 0 ÷ 0.03 0 ÷ 0.035 0 ÷ 0.4 0 ÷ 0.1 0 ÷ 0.4 0 ÷ 0.63 

To reflect the real industrial process conditions boundary restrictions on the nods in surfaces were defined. 

On the working surface of the tools Levanov friction was used (7), with friction coefficient 0.15 and friction 

factor 0.4. The equipments used were a mechanical press of speed 65 strokes per minute (nominal load - 25 

MN) and hammer with blow energy 300 kJ. 

In the process of forging in mechanical press workpiece with diameter of 60 mm and height of 150 mm was 

used and preform with diameter of 63 mm and height of 176.4 mm was applied. Billets are heated to the 

temperature T=1100 °C. 

2.2 Modeling results and analysis 

The results of computer modeling of the process of forming of the forging with press shown that due to the 

probability of laps in the material (as shown in Fig. 3), the upsetting of billet is needed. This conclusion 

coincides with the recommendations of the literature [12,13] 

on the design process axisymmetric forging on mechanical 

presses. The preform after upsetting correctly fill the die 

cavity. Numerically established stages of forging of 

axisymmetric parts after upsetting in mechanical press are 

presented in Fig. 4. 

The results of the simulation process of forging the hammer 

showed the success of the model for established in section 

2.1 of the boundary conditions. Numerically calculated 

stages of forging of axisymmetric parts with hammer are 

presented in Fig. 5. 

On the basis of the analysis of numerically calculated effective strains distribution in intersection of forging 

forged with mechanical press, it can be stated that the maximum of their values in the different stages of the 

modeling were in the middle of forgings (the web area) and in the area eliminated lapping (the outer radius of 

the transition zone of the bottom edge of the blind hole forgings). The maximum value of the effective strain 

obtained in the last stage of forging simulation. It has occurred in the area of forming flash in forging and 

reached 4.23 (Fig. 6a). By analyzing numerically establihed effective strains distribution in intersection of 

forging forged with hammer it is stated that their values were highest in areas outside the radius of the 

transition to the lower edge of the blind hole forgings. The maximum value of the effective strain was 4.964 

 

Fig. 3 Lap in forging forged with the press 
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(Fig. 6b), and the minimum - 0.15. The relatively high effective strains have also been observed in the area 

of forged web and flash formation zones. 

a) b) c) d) 

    

Fig. 4 Numerically calculated stages of forging of axisymmetric parts after upsetting in mechanical press 

 
a) b) c) d) e) 

 
    

Fig. 5 Numerically established stages of forging of axisymmetric parts with hammer 

On the basis of the analysis of 

numerically calculated flow 

stress distribution in intersection 

of forging forged with 

mechanical press, it can be 

stated that the maximum of their 

values were in the zone flash 

formation as shown in Fig. 7a. 

The maximum value of the flow 

stress was 142.9 MPa and 

occurred in the 25-step 

simulation. In the case of the 

forged forging with hammer the 

highest values of flow stress 

were also found in the flash 

formation area (Fig. 7b). 

a) b) 

  
Fig. 6 Numerically calculated effective strains distribution  

in intersections of forgings forged with mechanical press (a)  

and hammer (b) for the last stage of forging 
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The greatest value of flow stress 

was 264 MPa. 

Analyzing the numerically 

calculated temperature distribution 

in the forged forging with press, it 

was found that the maximum 

temperature during forging was 

1200 °C. It is occurred in the last 

stage of forging (Fig. 8a) near the 

flash and web of forging. 

The temperature in these areas 

increased by 9 % since the 

beginning of heated material. 

The lowest temperatures in the 

different stages of the simulation 

were recorded in areas outside of 

the contact surface of the forging 

and dies. The minimum 

temperature in intersection of 

forging forged with mechanical 

press was observed in the 15-step 

simulation, and was 1017  C. 

In the case of the forged forging 

with hammer (Fig. 8b) the 

maximum temperature was 

1245 °C. It occurred in the area of 

forging where the observed 

maximum values of effective 

strain. The temperature in these 

areas increased by 13 % since the 

beginning of heated material. 

The minimum temperature was 

maintained at about 1070 °C of all 

stages of the simulation forging with hammer in the surface areas of contact forging with the dies. 

In the last stage of numerical investigations, the analysis of changes in loads (the load vs. displacement) 

obtained for forming of forgings with press and hammer was made. Having compared them, it can be stated 

that the character of changes is the same. The load increases with an increase in displacement. The greater 

of loads for forged forgings with press and hammer are obtained in last stages of simulations. The maximum 

value of force for forged forging with press was 9 MN. It was smaller by 33 % than the value calculated 

according to the formula of the press force from ref. [13]. The maximum force obtained for forging with 

hammer was 13 MN and it was higher by approx. 30 % than the maximum load obtained for forging with 

press. 

3.  CONCLUSIONS  

The following conclusions were drawn from numerical investigations into forming of round forged parts with 

mechanical press and hammer: 

a) b) 

  

Fig. 7 Numerically established flow stress distribution in intersections 

of forgings forged with mechanical press (a) and hammer (b) for the 

last stage of forging 

 
a) b) 

  
Fig. 8 Numerically calculated temperature distribution in 

intersections of forgings forged with mechanical press (a) and 

hammer (b) for the last stage of forging 
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 numerically calculated temperature distribution in intersections of forgings: the maximum temperature 

during forging with hammer was 1245 °C and was higher by about 5 % from forging with the press at 

the 1200 °C (maximum temperature occurred in the last stage of forging around the flash formation 

and in the web of forging); 

 numerically established effective strains distribution in intersections of forgings: maximum strain at 

forging with hammer was greater by about 20 % than the forging with press and occurred in areas of 

maximum temperature; 

 numerically calculated flow stress distribution in intersections of forgings: maximum stress at forging 

with hammer was about 120 MPa higher than the forging with press (an increase by 45 %); 

 comparing changes in loads in forging with press and hammer, it is stated that the load increases with 

an increase in displacement; the maximum force obtained for forging with hammer is higher by 

approx. 30 % than the maximum load obtained for forging with press.  
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Abstract 

The phase transformation model was developed and applied to evaluate the hardenability of bainitic steels. 

The objective was to provide a tool, which will help designing the chemical composition of these steels with 

enhanced hardenability. Two general indexes, which are based on the relation between bainite volume 

fraction and cooling rate and which characterize the hardenability, were proposed. Calculations of these 

hardenability factors were performed for selected steels with different chemical compositions. Correlation 

between the chemistry and the hardenability factor was evaluated.  

Keywords: bainitic steels, hardenability, phase transformation model 

1. INTRODUCTION 

Hardenability describes the capability of a steel to transform to a given microstructure in a heat treatment 

process. This has been most successfully applied to martensitic steels. On the contrary bainitic hardenability 

remains difficult to define. During recent years a new generation of bainitic steels with extensive perspective 

applications have been developed and there is a need for fast evaluation of hardenability of these steels [1]. 

The objective of the current work was to propose numerical methods of defining and assessing bainitic 

hardenability that could be easily applied in industrial practice.  Development of the phase transformation 

model was the first step of the procedure. Modified Avrami equation was used as a model and coefficients of 

this model were identified on the basis of dilatometric tests and inverse analysis [2]. A series of low carbon 

low alloy steels have been subject to this procedure and hardenability of these steels was compared. 

2. MODEL 

The complete phase transformation model for steels describes kinetics of four transformations: ferritic, 

pearlitic, bainitic and martensitic. In the present paper the first three transformations, which are controlled by 

diffusion, are described by the Avrami type equation: 

 1 exp
n

X kt                (1) 

where: X - volume fraction of a new phase, t - time 

One of the coefficients (k) is described as a function of temperature. The modified Gaussian function was 

suggested in [3] for the ferritic transformation: 

7

5
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Coefficient k in equation (1) for pearlitic kp and bainitic kb transformations is: 
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Incubation time was introduced for pearlitic p and bainitic b transformations: 
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Additional relationships in the model and equilibrium carbon concentrations are presented in Table 1, where: 

c - average carbon content in the austenite, c - carbon content in the ferrite, c0 - carbon content in the steel, 

c, c -  carbon concentration in the austenite at the - and -cementite boundary, respectively, Xf0 - 

equilibrium ferrite volume fraction in steel. Equilibrium concentrations c and c, as well as carbon content in 

the ferrite c, are introduced as temperature functions determined using ThermoCalc software. 

Table 1 Additional equations in the phase transformation model 
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The start temperatures for the bainitic (Bs) and martensitic (Ms) transformations are calculated as: 

20 425[C] 42.5[Mn] 31.5[Ni] 70[Cr]sB a              (7) 

26 27sM a a c               (8) 

Fraction of austenite, which transforms into martensite is calculated using equation proposed in [4]: 

 1 exp 0.011m sX M T                 (9) 

Equation (9) represents volume fraction of martensite with respect to the whole volume of the austenite, 

which remained at the temperature Ms. The volume fraction of martensite with respect to the whole volume of 

the material is: 

    1 1 exp 0.011m f p b sF F F F M T                 (10) 

where: Ff, Fp, Fb - fraction of ferrite, pearlite and bainite with respect to the whole volume of material. 

In the ferritic transformation, the transformed volume fraction Xf is calculated with respect to the maximum 

volume fraction of ferrite Xf0 in the current temperature. Thus, this volume fraction of ferrite with respect to 

the whole volume is Ff = Xf0Xf. During simulations at the varying temperature the current value of Xf has to be 

corrected to account for the change of the equilibrium (maximum) volume of ferrite Xf0. Simulation of the 
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progress of transformation continues until the transformed volume achieves 1. However, when carbon 

content in austenite reaches the limiting value c (Table 1), the austenite-pearlite transformation begins in 

the remaining volume of austenite. Calculations of the transformed volume fraction Xf was performed using 

Avrami equation (1) and the additivity rule [4] was applied to account for the changes of temperature. 

3. EXPERIMENT 

The materials were bainitic steels with the chemical composition given in Table 2. The two steels in the last 

rows of the table (1037 and 1038) are with higher content of alloying elements. Dilatometric tests were 

performed for various cooling rates. The procedure included preheating at 1200 oC for 600 s, cooling to 

1050 oC, plastic deformation at this temperature and further slow cooling to 850 oC followed by controlled 

cooling with various cooling rates. It gave grain size of 30 μm at the beginning of transformations. The 

microstructure of samples before and after cooling was investigated. All the test data were used as an input 

for the inverse analysis, which was performed to identify the parameters in the phase transformation models.  

Table 2 Chemical composition of the investigated bainitic steels (wt. %) 

Steel C Mn Si Cr Ni Al Cu Nb V Ti P S N 

1109 0.08 1.85 0.21 0.54 0.16 0.034 0.16 - - - 0.012 0.012 - 

1210 0.074 2.0 0.1 0.1 0.1 0.034 0.1 0.038 - 0.13 0.012 0.012 0.0038 

1218 0.046 1.46 0.3 - 0.53 0.02 - - - - 0.014 0.009 0.0027 

1260 0.045 1.46 0.31 - 0.3 0.022 0.4 - - - 0.01 0.01 0.003 

1261 0.046 1.48 0.3 - 0.5 0.022 0.4 - - - 0.012 0.01 0.003 

1037 0.1 2.05 0.24 2.07 - 0.006 - - 0.19 - 0.011 0.013 0.0171 

1038 0.09 2.02 0.2 1.89 1.93 0.005 - - 0.19 - 0.011 0.013 0.0177 

Thermodynamic parameters were determined using ThermoCalc program on the basis of the chemical 

composition of steel. Coefficients in equations (Table 1) describing equilibrium carbon content at the - and 

-cementite boundaries obtained by approximation of data from ThermoCalc are given in Table 3. 

Table 3 Parameters of equations describing equilibrium content of carbon for the investigated steels  

Steel 0C
 

1C
 

0C
 

1C
 

1109 4.5726 -0.005476 -1.0825 0.0025 

1210 4.8365 -0.005818 -1.09 0.00259 

1218 4.7337 -0.005634 -1.24 0.00267 

1260 4.571 -0.005435 -0.992 0.0024 

1261 4.4529 -0.00532 -0.85633 0.002167 

1037 4.18 -0.005067 -1.12 0.002 

1038 4.805 -0.0062 -2.01 0.0032 

4. IDENTIFICATION OF THE COEFFICIENTS IN THE MODEL 

The model contains several coefficients, which are grouped in the vector a. The values of these coefficients 

are different for different steels and they depend on microstructure at the beginning of transformation and on 

the deformation of austenite. Difficulties connected with determination of these coefficients are the main 

factor, which limits wide application of the model to simulation and control of processes of cooling of 

products. The method, which allows fast and easy determination of vector a components is described in [1]. 

It is composed of two parts. The first is solution of the direct problem, based on the model. The second part 
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is solution of the inverse problem, in which optimization techniques are used. The objective function is 

defined as a square root error between measured and calculated output parameters:  

2 2

1 1

1 1
Φ

n k
im ic im ic

i iim im

T T X X

n T k X 

    
    

   
           (11) 

where: Tim, Tic - measured and calculated start and end temperatures of phase transformations, n - number 

of temperature measurements, Xim, Xic - measured and calculated volume fractions of phases, k - number of 

measurements of volume fractions of phases. 

The model was identified using inverse calculations with the objective function (11). Values of coefficients a 

for the investigated steels are given in Table 4. The whole model for all transformations contains all together 

27 coefficients. However, not all of them are active in the present model.  

Table 4 Parameters of equations describing equilibrium content of carbon for the investigated steels  

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1210 1.685 0.016 224.1 45.08 1.174 7.35 0. 0. 1.87 0.088 6.29 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.2133 0.48 1.289 0.175 0. 714.6 1.713 4.04 0.187 1.453 452 63.94 

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1218 2.47 7.35 204.5 22.82 1.384 3.73 4.0 0.0019 0.565 0.679 33.74 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.401 0.527 1.285 0.0075 0.0072 710 7.4 0.331 0.959 9.689 449 59.02 

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1260 1.56 0.929 226.7 85.94 3.0 0.`125 0.088 0.6394 0.078 3.17 0.0037 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.764 0.066 1125. 59.61 3.37 691 0.431 1.744 0.733 0.97 444 0.717 

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1261 1.85 0.988 232.6 79.33 3.0 13.81 0.086 0.2816 0.075 3.02 0.0036 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.776 0.035 784. 45.25 2.65 695 0.43 1.8 0.717 0.98 444 0.647 

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1037 0.814 0.0175 202.6 109 2.827 3461.7 0.095 0.059 0.075 3.024 0.00364 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.7762 0.0349 2082 69.72 3.5 744.75 0.2506 0.5295 0.3544 0.3745 687 2893 

steel a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14 

1038 0.414 0.0914 67.08 381.7 2.815 6304.2 0.00036 0.015 0.075 3.024 0.00364 

a15 a16 a17 a18 a19 a20 a21 a22 a23 a24 a26 a27 

0.7762 0.0349 2526 70.82 3.35 745.43 0.4064 0.1275 0.943 0.3025 647 2893 
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Comparison of results obtained from measurements and predicted by the models with optimized coefficients 

was performed next. Analysis of the results showed that reasonably good agreement between experiments 

and predictions was obtained for all investigated steels, see for example Fig. 1 for steels 1210 and 1038. 

    

Fig. 1 CCT diagrams for steels 1210 and 1038 measured in the dilatometric tests (filled symbols) and 

calculated by the model (open symbols) with the coefficients determined using inverse analysis 

5. BAINITIC HARDENABILITY 

The developed model was applied to evaluate the hardenability of steels. The objective was to design the 

composition of bainitic steel, which will give the best hardenability. In order to enable comparison of 

hardenability of various steels, search for certain general factors which characterize this hardenability, were 

made. The analysis has shown that evaluation of the hardenability cannot be based on the absolute values 

of parameters. Thus, the following features, all based on the plot Fb = f(Cr), were considered: 

 The area under the curve - the largest is this area the better is the hardenability of steel. 

 Maximum volume fraction of bainite and the cooling rate, at which this maximum occurs - the larger 

this maximum is and at lower cooling rate it occurs, the better is the hardenability.  

Thus, having the mentioned features in mind the following two hardenability factors were proposed: 

 ratio between maximum volume fraction of bainite Fbmax and the cooling rate Crmax, at which this 

volume fraction was obtained:  

max
1

max

b

r

F

C
              (12) 

 the area under the plot Fb = f(Cr) in the range, in which volume fraction of bainite exceeds 0.3:  

2

max

1 rU

rL

C

b r

r C

X dC
C

              (13) 

where: CrL,  CrU - lower and upper cooling rate, at which volume fraction of bainite Fb = 0.3.  

Comparison of the factors 1 and 2 calculated for the investigated steels is shown in Fig. 2. Factor 2 for 

the steel 1037 is about ten times larger (946) and for the steel 1038 even about 50 times larger (6170) than 

for the remaining steels. Therefore, the plots for these steels were cut at the value of 14. Analysis of this plot 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

266 

shows that the steels 1037 and 1038 show the 

highest hardenability. Medium hardenability 

factors were obtained for the 1260 and 1261 

steels and 1210 and 1218 steels are 

characterized by the lowest hardenability. This 

result can be directly connected to the chemical 

composition of experimental steels. Steels 1037 

and 1038 are characterized by the highest carbon 

content, as well as alloying elements content.  

6. CONCLUSIONS 

The phase transformation model was developed 

and its capability to describe process of cooling of 

bainitic steels was analyzed. The model was 

identified using inverse analysis of the 

dilatometric tests. Predictive capabilities of the optimized model were evaluated and good accuracy was 

obtained as far as the start temperatures for all transformations are considered. The accuracy for the end 

temperatures for the pearlitic and bainitic transformation was slightly worse. 

Hardenability of all investigated steels was evaluated and the following conclusions can be drawn: 

 Hardenability factors based on the absolute values of parameters are difficult in interpretation. 

Differences between this factors for various steels are very large. 

 On the basis of the two proposed factors the steels can be classified as follows: 1037 and 1038 with 

the highest hardenability, 1260 and 1261 with medium hardenability followed by 1218 with lower and 

1210 with the lowest hardenability.  

 Ferritic transformation has very small influence on the area of bainite for the alloyed steels 1037 and 

1038. This effect is much stronger for the remaining steels. 

 Martensitic transformation has noticeable influence on the area of bainite for all investigated steels. 

This effect is the smallest for the steels S, 1260 and 1261. 
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Abstract 

The main goal of the present research is development of the complex micro scale austenite () to ferrite () 

transformation model during continuous cooling based on the Cellular Automata Framework. The proposed 

model predicts phase transformation progress starting from the fully austenitic or two-phase regions. 

Theoretical background of the implemented austenite-ferrite phase transformation model is shown in the 

present paper. The defined transition rules for initiation and subsequent growth as well as internal variables 

for each particular CA cell are also discussed. Finally examples of results obtained from the developed 

model, as well as model capabilities are shown. 

Keywords: cellular automata, austenite, ferrite, phase transformation, framework 

1. INTRODUCTION 

Any industrial company aims to develop the manufacturing technology to make products that are competitive 

on the global market. However, development of the new technologies using industrial test and trials is very 

expensive and time consuming. As a result industry cannot quickly adapt to the rapidly changing demands of 

the market. One of the possible solutions to this problem can be technology development supported by a 

series of numerical calculations and computer simulations. This approach allows accurate modeling of 

material behavior at the macro scale level and also provides a possibility to predict changes in the 

microstructure at the mezo or micro scale levels. As a result, significant minimization of the amount of 

laboratory or industrial tests is possible. This creates the opportunity to save valuable time and decrease 

R&D costs. However, access to appropriate hardware and software is necessary to take advantage of 

computer aided technology design.  

Conventional approaches to model material behavior are generally based on the finite element method 

(FEM) combined with conventional micro scale models that can provided general information about the state 

of the material e.g. temperature, average phase volume fraction, grain sizes, stress-strain state etc. 

However, exact information on material microstructure and morphology is also crucial when development of 

new manufacturing technology is required. Conventional models fail to provide such data. The solution to 

this limitation is replacing the conventional models with modern discrete models based on e.g. Monte Carlo 

(MC), Cellular Automata (CA) etc. The CA model besides standard information on material behavior can also 

provide information about the final morphology of the material as shown Fig. 1. 

In recent years a lot of microstructure evolution models based on the cellular automata method were created 

[1-4]. Unfortunately, developed models were designed as in-house codes capable to solve only a specific 

problem e.g. the simulation of dynamic or static recrystallization. If a new model e.g. austenite to ferrite 

phase transformation was required, the algorithmic and programming work had to be started from scratch, 

what significantly increases model development time.  

To solve this issue authors decided to develop a universal framework for the cellular automata method, were 

all the basic cellular automata algorithmic solutions are available to each user. This allows focusing the main 

burden of the work on development of the appropriate transition rules that replicate physical phenomena and 

mailto:rgolab@agh.edu.pl
mailto:lmadej@agh.edu.pl


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

268 

not on implementation aspects. As a result, the use of the framework to develop microstructure evolution 

models will be possible for material scientists without extensive knowledge of programming and algorithmic 

solutions.  

 

Fig. 1 Schematical ilustration of advenategs provided by the cellular automata material models 

2. DEVELOPMENT OF THE CELLULAR AUTOMTA FRAMEWORK (CAF) 

At this stage of the research the developed framework is based on the application-defined programming 

interface (Application Programming Interface, API), which allows for quick creation of a ready-made 

applications and reuse of developed codes. Ultimately developed framework will provide a possibility to 

create microstructure models with pseudo-language, which is easily understood by users who don’t have 

knowledge of programming languages. Below is a list of basic assumptions of the framework:  

 framework is to serve primarily the construction of complex physical models,  

 framework should be efficient and effective,  

 framework has to be easy to use for people who don’t know programming,  

 initially, CA Framework should work properly on Linux, but ultimately CAF should be completely 

portable between platforms.  

The C++ language for main functionality and MPI for Message Passing Interface purposes were used to 

create the CA framework. The framework was implemented based on the object-oriented technology, so that 

it was possible to make it in the form of the linked dynamic library for other developers and available 

interfaces are shown in Fig. 2. With this solution, the CA framework is a unified tool for defining new 

algorithms based on the cellular automata method. Basic classes implemented in the framework include 

support for: space (cLattice), neighborhood (cNeighbourhoods), cells (cCell) and transition rules (cRule). The 

main classes of the framework are cRule and cEvent. Each event dealing with particular physical 

phenomenon can have a set of transition rules. For example: Event Grain Growth can have two rules: 

nucleation and growth. Because framework is dedicated to the calculation of the microstructure evolution 

during thermo-mechanical processing operations, apart from classes describing cellular automaton the 

additional classes were created. They are devoted to the microstructure morphology, for example cGrain and 

cGrainList. Details of the CAF can be found in earlier authors works [5, 6].  
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Fig. 2 Interfaces of the CA framework 

The proposed idea of the Cellular Automata Framework is tested in the present work on the basis of 

implementation of the selected case study. For this reason a developed cellular automata austenite to ferrite 

phase transformation model is implemented using the framework functionality. Details of the model and 

examples of obtained results are described in the following chapter.   

3.  DESCRIPTION OF AUSTENITE - FERRITE TRANSFORMATION MODEL  

The developed CA model is designed to simulate austenite - ferrite 

transformation during cooling in the 2D space. Each CA cell is 

described by several state and internal variables in order to properly 

describe physical state of the material. The cell can be in three 

different states: ferrite (α), austenite (γ) and ferrite-austenite (α/γ), as 

shown in Fig. 3. The last state is used to describe CA cells located at 

the interface between austenite and ferrite grains. Additionally, internal 

variables are defined to describe other necessary microstructure 

features. Cells contain information e.g. how many ferrite phase is in a 

particular cell Fi,j, what is the carbon concentration in each cell Ci,j, the 

growth length li,j of the ferrite-austenite cell into the austenite cell or the 

growth velocity vi,j of the interface cell. These internal variables are 

used in the transition rules to replicate mechanisms of phase 

transformation. Similar solutions with different level of complexity are 

also available in the literature [7, 8]. 

Two major parts of the model are defined to describe nucleation and 

growth of the ferrite grains in the austenitic matrix. Nucleation is 

stochastic in nature, thus various approaches to describe this process can be used [7]. In the present model, 

to replicate the stochastic character of nucleation, a number of nuclei n is calculated in a probabilistic 

manner at the beginning of each time step: 
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Fig. 3 Illustration of the nucleus 
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austenite (α/γ) state 
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where: B0, Bi - mean amount of  cells at the beginning and i-th time step, respectively, N - total number of 

 nuclei, a1, a2, a3 - model parameters, Ae3 - start temperature of the austenite - ferrite transformation, x, y -  

width and height of the CA space, P - probability, - time step.  

Beyond this, locations of grain nuclei are also generated randomly along austenite grain boundaries. When a 

cell is selected as a nuclei, the state of this cell changes from austenite () to ferrite (). At the same time all 

the neighbouring cells of the ferrite () cell change their state to ferrite-austenite (/) (Fig. 3). The carbon 

content, which was in the austenite cell is shared between all neighboring cells, which are in the state /. 

Nucleation process has a continuous character and it occurs during the entire CA simulation until the end of 

transformation. After nucleus appears in the CA space, the growth of ferrite phase is calculated in the 

following steps. 

Ferrite growth is controlled by the carbon diffusion, thus the carbon distribution across the microstructure is 

evaluated by the solution of the diffusion equation on the basis of the finite difference (FD) method: 

2

e

e
x

D x
t



 


 

            (4) 

The transition rules describing growth of ferrite grains during phase transformation are designed to replicate 

experimental observations of mechanisms responsible for this process [7, 9]. It is well known that the 

recently formed ferrite nuclei grow into the austenite phase. The velocity of the / interface is assumed to be 

a product of the mobility M and the driving force for interface migration F: 

 0 0 0
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Q
v MF M D T F M D F

RT

 
    

           (5) 

where: M0 - mobility coefficient, T - absolute temperature, D0 - diffusion coefficient.  

The driving force for the phase transformation F is a sum of the mechanical driving force Fmech and chemical 

driving force Fchem. The former is neglected in the present model. The latter is due to the differences in the 

carbon concentration in equilibrium conditions and carbon concentration in each cell: 

,
( ( ) )

chem eq i i j
F C T C

 
           (6) 

where:  - model coefficient, Ceq - equilibrium carbon concentration calculated using Thermocalc software, Ci,j - 
carbon concentration in the (i,j) CA cell.  

The following transition rules are proposed in the paper to replicate the phenomena occurring at the 

austenite-ferrite boundary. When the ferrite phase is present in the material, the CA ferrite cells grow into the 

austenite phase. In the current time step t the growth length of the austenite-ferrite cell with indexes (i,j) 

towards an austenite neighbouring cell with indexes (k,l) is described as: 

0
, ,

d
t

t

i j i j
t

l v t 
            (7) 

where: t0 -  time when the CA cell (i,j) changed into the ferrite state, vi,j -  the growth velocity of the CA cell 

(i,j).  

The growth velocity v is obtained from (5) and then the ferrite volume fraction in the CA cell (k,l) is calculated 

as a results of the ferrite growth: 
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            (8) 

where: Fk,l - total ferrite volume fraction in the CA cell (k,l), as a contribution from all the neighbouring 

austenite-ferrite CA cells, LCA - dimension of the CA cell in the CA space, t - time step.  

Based on these calculations the transition rules are defined as follows: 
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where: 
,

t

k l
  - state of the cell (k,l) in the time step t, 

,

M t

i j
  - state of the Moore neighboring (M) cell (i,j) in the 

time step t, Fcr - critical value of the volume fraction of ferrite in the CA cell.  

The CA cell changes the state from austenite into austenite-ferrite when ferrite volume fraction in this cell 

exceeds the critical value Fcr. Otherwise the cell remains in the austenite state. When the cell changes its 

state to austenite-ferrite, all the neighbouring cells in the austenite-ferrite state change their states into the 

ferrite. When a change in the cell state occurs, the corresponding carbon concentration changes according 

to the FeC diagram.  

Examples of obtained results on the basis of the model implemented in the CA framework are presented in 

Fig. 4. Fig. 4 presents the carbon distribution changes, corresponding phase fraction and evolution of 

microstructure morphology during cooling with the cooling rate 1°C/s. The size of the investigated CA space 

is 200×200 m.  

 

Fig. 4 Carbon distribution, corresponding phase fraction and evolution of microstructure morphology during 

cooling with the cooling rate 1°C/s in the following time steps a) nucleation, b) growth, c) final morphology 

As seen in Fig. 4, the growth of newly formed ferrite nuclei is directly related with carbon concentration 

controlled by the diffusion process. Influence of crystallographic concentration on grain growth is neglected 

at this stage of the research, thus circular growth of ferrite grains is observed. Extension of the model 

predictive capabilities will be performed during subsequent stages of this research. This will also provide 

possibility to extend CA framework capabilities.  
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4.  CONCLUSIONS 

The callular automata framework dedicated for fast and efficient creation of microstructure evolution models 

was created. As seen the framework capabilities were tested during implementation of the austenite - ferrite 

phase transformation model. The model is based on nucleation and growth parts that is directrly related with 

changes in carbon concentration. To solve diffuction equation, CAF was extened with the finite difference 

method adopted to CA standards. The use of FDM for solving carbon diffusion provided a possibility for 

detailed reproduction of reality in the transformation of austenite - ferrite. Presented work, confirmed that the 

framework, is suitable for creation of complex microstructure evolution models.  

As mentioned, furhter work will focus on extension of phase transformation model and CAF capabilities. 

Other microstructure evolution models e.g. recrystalization models will be also implemented and combined in 

the CAF using workflow approach.  
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Abstract  

Correct models of deformation behaviour of materials are key element to realistic numerical modelling. The 

present paper compares two approaches of obtaining adequate data sets which could provide an accurate 

description of the dependence of flow stress on thermodynamic quantities. The first one relies on physical 

measurements. In this approach, the compression tests are carried out and their results are converted into a 

form which may be processed by simulation programs. The latter approach consists in using the JMatPro 

software, which is built around CALPHAD (Calculation of Phase Diagrams) methodology [1]. Input data 

required for calculating flow stress include the chemical composition of the material and information on one 

of its fundamental mechanical properties (yield strength, ultimate strength, hardness or grain size). Using the 

above-mentioned approaches, a wide range of steels were processed and the resulting data were evaluated. 

For selected specific materials, detailed comparison of flow stress models will be undertaken. The effects on 

simulation of a plain mechanical test will be evaluated. 

Keywords: compression test, flow stress, JMatPro, numerical modelling 

1. INTRODUCTION 

The simulation and optimization of the industrial forming processes demands an accurate knowledge of data 

that describes the plastic material behaviour. The material model for the simulations is set by true stress in 

terms of the true strain. The accuracy of the simulations shows the importance of knowledge the flow stress 

curves covering the whole strain range of the examined process. 

The present paper demonstrates two methods of the obtaining flow stress data, from experiment and from 

calculation by JMatPro software. The experimental measurement of the flow stress data is carried out by 

Rastegaev compression test at high temperatures. The obtained data are 

modified into data table needed for the computation. JMatPro [2] is modern 

software which calculates a wide range of materials properties and is 

particularly aimed at multicomponent alloys used in industrial practice.  

2. RASTEGAEV COMPRESSION TEST 

The main problem with the compression test is the occurrence of friction on 

the interface between the specimen and the tool. The friction induces 

barrelling of the sample and deformation becomes inhomogenous. The 

method for minimize friction, which can be achieved by using a lubricant 

together with the geometry, was proposed by Rastegaev [3]. Cylindrical 

specimens for the test with diameter 10 mm (or 12 mm) and height 15 mm 

(or 18 mm) were prepared, see Fig. 2. Tests were carried out at different 

strain rates and temperatures of the specimens, see Fig. 3. 

The experimentally determined data for force-displacement curves can be 

easily converted into flow stress curves as uniaxial stress state. The 

Fig. 2 The shape and the 

dimension of the specimen 

for Rastegaev compression 

test 
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advantage of this method is the possibility of calculating the flow stress directly from the force measured 

during compression test.  

The summary of chemical composition tested specimen is noted in the Table 1. 

Table 1 Chemical composition of tested steels in wt.% 

Steel C Mn Si Cr Ni P S V Nb N 

100Cr6 1.043 0.398 0.265 1.54 0.077 0.015 0.012 0.008 - - 

1.4552 0.068 0.697 0.532 18.89 9.93 0.027 0.009 0.081 0.525 0.055 

C38 0.509 0.786 0.234 0.093 0.059 0.009 0.019 0.074 - - 

TL4227 0.21 1.38 0.10 1.18 - 0.013 0.029 - - 0.011 

TL4521 0.19 0.75 0.11 0.71 1.54 0.014 0.031 - - - 
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Fig. 3 The example of measured data for three temperatures and three strain rates (material 1.4552) 

3. COMPARISON OF THE EXPERIMENTAL AND NUMERICAL DATA 

 

Fig. 4 Simulation of the compression test in DEFORM 2D 
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The calculated flow stress data from experimental measurement can be by means of the simulation 

evaluated. The data are adapted for FEM-simulation in DEFORM 2D software [4] afterwards. The 

compression simulation was done at the same temperatures and strain rates as experimental tests. The 

specimen dimension and reduction in height was also equal to the test. The friction coefficient for simulation 

was chosen negligible (0.05) by reason of lubricant used for Rastegaev compression test. The simulation is 

axisymmetric which means that the only 2D cross section of the specimen was modelled, see Fig. 4.  

The flow stress versus plastic strain curve was obtained from an experimental result, when the force versus 

displacement relationship is known. The equations used for calculation are 

            (1) 

             (2) 

where true is true strain, h is the actual value of the specimen height, h0 is the initial height, true is true 

stress, F is actual measured force and D is actual specimen diameter. 

The validity of the computed flow stress data from uniaxial stress is confirmed by comparing force from 

experiment to the loading force from FEM-simulation [5], [6]. When the force in simulation did not correspond 

to the force from experiment, then the flow stress data was modified. The essential is to obtain accurate flow 

stress data that properly describes the plastic material behaviour. 

The graph, see Fig. 5, shows comparison of measured and calculated force from the compression test. 

4. CALCULATION OF FLOW STRESS DATA FROM CHEMICAL COMPOSITION 

The experimental measured data modified by numerical simulation was not sufficient. The flow stress data 

reached the value approximately 0.8 of the true strain, but for most application it is important to have higher 

strain values. To obtain the work hardening curves for higher values of strain the JMatPro software was 

used. JMatPro software can calculate the thermo-mechanical properties based on chemical composition of 

the material and information on one of mechanical properties (yield strength, ultimate strength, hardness or 

grain size). 

 

Fig. 5 Comparison of measured and simulated compression test for material 1.4552 (30s-1, 1200°C) 
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The flow stress-strain curves gained from experimental measurements were adapted for FEM-simulation and 

then compared with flow stress-strain data computed by JMatPro software, see Fig. 6. Some of the tested 

materials seem to have the curves close, others have bigger deflections.  

  

Fig. 6 Comparison of flow stress data from compression test and JMatPro calculation for 100Cr6 steel 

5. RESULTS 

The summarized information about differences in the flow stress data computed by JMatPro software and 

the data reached by experimental measurement is displayed in the graphs below, see Fig. 7. The 

percentage deflection was calculated as the ratio of the computed flow stress data to the measured flow 

stress data, multiplied by 100.  

The closest approach of the values can be mostly seen at temperature around 800 °C. The higher 

temperature, the bigger deflections show. It seems that the higher strain rates show bigger deflections, too. 

The worst results were gained for material 1.4552, where some of the deflections exceeded 100 %. 
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Fig. 7 The deflections for tested materials  

The value of 15 % can be considered as the satisfactory limit of the reached deflection between measured 

and by JMatPro computed strain hardening. No tested material reaches the value at all tested temperature 

levels. If an average value of the reached median at all tested temperatures is taken, only 100Cr6 and C38 

steels satisfy the 15 % condition. 

The results computed by JMatPro can be considered as successful for general steel and in case of 

immediate need of material strain hardening curves which cannot be found in the simulation software 

database it can be used as an appropriate way of gaining the data. In case of stainless steel it is necessary 

to realize the current JMatPro software limitation. 

6. CONCLUSION 

The results of FEM-simulation are strongly dependent on proper material model. The flow stress-strain 

curves setting for tested material were examined in this study. The experiments, and as well as the 

simulations, were done for various temperatures and strain rates to assure good description of the material 

model for subsequent forming simulations in hot deformation. The resulted flow tress data were compared 

with calculated data by JMatPro software. Thereby it is possible to estimate whether the calculated data by 

JMatPro are in good agreement with the experimental results or not. 

For FEM-simulations it is better to combine both method for obtain the best material description. From the 

experiment it is possible to gain data only for limited values of the strain. On the other hand, from JMatPro 

strain rate strain rate strain rate 

strain rate strain rate strain rate 

strain rate strain rate strain rate 
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software it is possible to predict the slope of the work hardening curve for bigger deformations. The 

combination of measured and computed flow stress curves can be made as elongation of the measured data 

curve, which is only for the low strain data, by the slope of computed flow stress curve.  

Despite simplicity of the calculation data in JMatPro software, the experimental test combined by numerical 

simulation seems to better predict the real behaviour of the steel. Joining of measured data from Rastegaev 

compression test and the data calculated by JMatPro software makes possible to cover the entire range of 

the strain values reached during the industrial applications and to minimize errors. 
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AGH Akademia Górniczo-Hutnicza, Cracow, Poland, EU, turczyn@metal.agh.edu.pl 

Abstract 

Paper contains the analysis of metal flow during rolling of long products, especially in regard to fill in a 

compound grooves. As the specific examples for investigation have been chosen Z-section sheet piles. 

These steel sections belong to long rolled products, which have a great demand on steel market. From one 

side, the rolling process of sheet piles is very profitably, but from the other one the rolling technology is 

highly difficult. During designing the rolling process, i.e. the proper filling of the grooves, distribution of 

reductions for individual passes and parts of the profile, the principles of both physical modelling and FEM 

simulation have been applied. The results of laboratory tests and simulations carried out in the work are 

discussed. The realized study allowed to make proper roll pass design with the correct grooves as well as to 

elaborate better pass schedule for rolling accurate products in industrial conditions. 

Keywords: rolling of sheet pile, metal flow, roll pass design 

1. INTRODUCTION 

There is a great demand for sheet piles on the steel marked, considering their utilization properties. From 

decades millions tons of these sections have been used all over the world for every kind of structure. 

Regarding the shape of cross section, the most often produced types of these profiles are following, Fig. 1: 

 straight web sheet piles, 

 U-section sheet piles, 

 Z-section sheet pile. 

 

 

 

Fig. 1 Typical shapes of hot rolled sheet piles 

The straight web sheet piles are often used to form cylindrical structures for retaining a soil fill. Depending on 

the site characteristic, the circular cells or diaphragm cells are form using these sections. Both, U-section 

and Z-section have been used for many kind of structures, mainly in the civil engineering. Among the various 
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sheet piles Z-section ones play the primary role. The advantages of Z sheet piles are multiple, the most 

known ones are the following: 

 high width resulting in good installation performance,   

 very high competitive section modulus to mass ratio, 

 increased interia, reducing deflection and allowing high yield steels to be used, 

 good corrosion resistance due to thickest parts at the critical corrosion points. 

From one side, the above mentioned advantages make the rolling process of sheet piles very profitably, but 

from the other one the rolling technology is highly difficult [1-3]. The study presented in the paper allowed to 

design proper hot rolling process with adequate pass schedule, as well as to elaborate roll pass design for 

rolling accurate products in industrial conditions. 

2. PROCESSING AND MATERIAL CHARACTERISTIC  

The hot rolling process is typically used for production of sheet 

piles, including Z-section ones. They are very wide and thin 

products and their cross section has any axis of symmetry. 

Furthermore, the interlocks on both sides of profile must be 

exactly formed during rolling. This implies that during rolling of 

such sections exists both high vertical and high axial forces. 

Moreover these sections are likely to bend and to twist at the 

exit from rolls [1, 3]. The heavy section mills equipped with 

adequate stands are suitable for rolling such products.  The 

typical technology of Z sheet pile production may use the 

following types of incoming material: 

 slab with rectangular cross section from continuous 

casting, 

 beam blank with so called “dog bone” cross section, also 

from continuous casting. 

Nevertheless, both the slabs and the beam blanks have many 

disadvantages, regarding their shape. However, the 

technology that seems to be prevailing in the future will use the 

beam blanks. At least ten shaped grooves have to be used for 

rolling Z-section of typical width (600 or 700 mm), Fig. 2. The 

total number of passes depends on stands characteristic and 

can attain from 17 up to 19 passes. It implies that at initial 

grooves (up to 5-th) several passes have to be realized in 

individual groove [4]. 

Table 1 Mechanical properties and chemical composition of steel grades for sheet piles (EN 10248) 

Grade 
Re, min Rm, min A, min C Mn Si P S N 

MPa MPa % %, max 

S 240 GP 240 340 26 0.25 - - 0.055 0.055 0.011 

S 270 GP 270 410 24 0.27 - - 0.055 0.055 0.011 

S 320 GP 320 440 23 0.27 1.70 0.60 0.055 0.055 0.011 

S 355 GP 355 480 22 0.27 1.70 0.60 0.055 0.055 0.011 

S 390 GP 390 490 20 0.27 1.70 0.60 0.050 0.050 0.011 

S 430 GP 430 510 19 0.27 1.70 0.60 0.050 0.050 0.011 

S 460 AP* 460 550 17 0.27 1.70 0.60 0.050 0.050 0.011 

*) Uppon request, mill specification. 

Fig. 2 Schematic view of grooves used 

for rolling of Z-section sheet pile 
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The steel grades for hot rolled sheet piles is standardized by norm EN 10248 part 1. On request can be used 

steel grades complying with other standards or steel with an improved corrosion resistance, or copper 

addition. The mechanical properties and chemical composition of steel grades according to EN 10248 are 

shown in the Table 1. 

3. PLASTOMETRIC TESTS AND PHYSICAL MODELLING OF SHEET PILE ROLLING 

3.1 Plastometric tests 

Prior to computer simulations a series of tests were performed using torsional plastometer [5]. The samples 

for all tests were prepared from steel grade S 430 GP. The mechanical properties and chemical composition 

of this steel according to the standard EN 10248 is presented in Tab. 1. The obtained results in a form of 

flow stress variations as a function of temperature, strain and strain rate have been loaded into computer 

program as the material database. The example flow stresses for S430GP steel are presented in Fig. 3. 

 

Fig. 3 Flow stresses of S430 GP steel grade obtained from torsion tests for various temperatures (in °C) and 
strain rate equal 2 s-1 

The performed plastometric tests allowed for determining the changes of flow stress as a function of 

temperature, strain, and strain rate. Prior to further calculations and tests, these relationships were stored in 

the material database of finite element method (FEM) program. 

3.2 Physical modelling of rolling in initial grooves 

     

Fig. 4 Lead (1 and 2) and steel (3) samples after             Fig. 5 Pieces taken from lead samples after rolling 
                  rolling in groove No. 1                       in groove No. 1 (left) and 2 (right) 
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Physical modelling of the hot rolling of Z-section sheet piles in two initial groves was realized with application 

of laboratory mill [4]. The flat samples for experimental rolling were prepared from lead and S 430 GP steel 

grade. All specimens have rectangular shape and dimensions 18.5 x 120 x 235 mm. The scale equal 6.5 

with comparison to industrial conditions have been chosen. Example results, obtained from experimental 

rolling, are shown in Fig. 4 and Fig. 5. 

The realized experimental rolling showed that slabs with rectangular cross section can be used with success 

as the incoming material for Z-section rolling. During first passes instead of thickness reduction the bending 

of the rolling stock prevails. The ends distortion were typical in sizes and forms, Fig. 4. As well as the groove 

filling was symmetrical and on proper level, Fig. 5. All these investigations were the basis to the planning of 

further research e.g. grooves design and parameters of Z-section sheet pile rolling. 

4. COMPUTER AIDED PROCESS DESIGN  

The complexity of phenomena taking place in hot rolling od sheet 

pile creates a wide range of possibilities of controlling process 

parameters and groove filling. However, the principal factor is the 

ensuring of symmetrical groove filling and controlling the level of 

the rolling forces, both vertical and axial. Numerical methods were 

used to help a proper engineering of hot sheet pile rolling. The 

commercial computer program 3D (Abaqus/Explicit) has been 

applied, Fig. 6. All passes were calculated several times until 

accurate profile have been obtained with the rolling forces below 

admissible values.  

Ten Z-section grooves have been assumed in calculation and the 

beam blank from continuous casting as the incoming material, Fig. 

2. The results of calculations contribute also to better 

understanding of flow pattern of a material in the roll grooves, as well as the distributions of temperature, 

stresses and strains in the material being deformed. Apart from that, the computer analysis provides useful 

information for grooves design and their location in the roll assemblies. Fig. 7 shows the final stage of 

grooves design and also their filling with rolled stock. For Z-section sheet pile rolling at least ten grooves and 

17 passes have to be applied to obtain expected final shape with rolling forces below admissible values. 

 

 

Fig. 7 Example results of computer simulation of Z-section rolling: a) material filling of the groove No. 2, 

pass No. 4, b) material filling of the groove No. 3, pass No. 11, c) material filling of the groove No. 6, pass 

No. 14, d) material filling of the groove No. 10, pass No. 17 (final) 

c) 

a) b) 

d) 

Fig. 6 Computer simulation of Z-

section sheet pile rolling - stock 

shape at the roll exit 
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Fig. 8 Results of computer simulation of Z-section rolling in groove No. 2:  

a) vertical rolling force, b) axial rolling force 

For example, Fig. 8 shows vertical and axial rolling forces obtained from calculation for groove No. 2, which 

shape was shown on Fig. 7a. The proper values of axial forces are crucial for rolling stands, which will have 

high lateral (axial) stiffness. 

CONCLUSIONS 

Industrial process of Z-section sheet rolling is very difficult and its complexity is high. Usually it requires time 

consuming calculations and expensive industrial trials. The results of the computer analysis provide useful 

data for the designing of rolling of Z-section or adjusting elaborated (or existing) roll pass design to meet very 

high product requirements. The obtained results also allow for formulating the more general conclusions: 

1) Industrial process of Z-section sheet rolling belongs to one of the most difficult processes among long 

products rolling. 

2) As the incoming material for these product rolling both slabs and beam blanks from continuous casting 

can be used.  

3) The shape without axis of symmetry and high width (600 or 700 mm) of Z type sheet piles will cause 

during rolling very high rolling forces, both vertical and axial. Especially, the axial forces are very 

dangerous for rolling stands. 

4) The rolling process of these sheet piles requires at least ten section grooves and 17 - 19 passes to 

obtain the final shape with rolling forces in safe range. 

5) Computer aided roll pass design allowed for obtaining final shape of product with proper interlocks on 

both sides of the profile. It also enabled to place grooves in the right ways in the roll assemblies for 

avoiding stock twisting and/or bending at the roll exit. 

6) Complexity of Z-section sheet rolling requires time consuming and expensive industrial trials before 

production. Computer simulation will keep to minimum the most of disadvantages of industrial trials.   
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Abstract 

Due to heterogeneity of structure and to casting defects contained in surface layers of continuously cast 

blanks with large cross sections the study of their deformation behaviour, and namely of their hot formability 

is a highly demanding task. Exact plastometric methods in the case of taking of the samples from surface 

areas do not provide acceptable results, since due to their small sizes they cannot express sufficiently the 

present structure heterogeneity. Surface layers of material, in which it is possible to expect the biggest 

occurrence of defects that expand at the subsequent forming till they achieve character of critical cracks, are 

then removed from the samples by machining. For these reasons the wedge rolling test, performed in partly 

non-machined samples, proved to be successful for investigation of these continuously cast blanks. One of 

the freely spreading side surfaces of the sample corresponds to the raw surface of the casting and it is then 

possible to use it then from efficient investigation of effects of reduced technological formability. This 

approach was used for investigation of deformation behaviour of low alloyed steels of the type C-Mn-Cr, 

microalloyed by vanadium or niobium. The heating temperature (1150 to 1340 °C) and rolling temperature 

(950 to 1150 °C) were the changed parameters. The obtained results were supported by metallographic 

analyses in non-etched and etched states, by TEM and SEM analyses of present particles (inclusions and 

precipitates).  

Keywords: wedge rolling test, metallographic analyses, TEM, SEM 

1. INTRODUCTION  

The formability tests on specially prepared samples comprise also the wedge rolling test. Its objective, 

similarly as in the case of other technological tests of formability, consists in determination of the maximal 

degree of deformation to rupture of material and also in assessment of the progress of the restoration 

processes during forming at various temperatures. At present, the input shape of the sample took the form of 

a wedge. These samples are then rolled on smooth rolls with a preset gap between the rolls, which gives us 

with together with the variable height of the sample various types of loads and therefore of deformation of the 

sample [1-3]. 

At rolling of the wedge sample the degree of deformation continuously increases up to the selected 

maximum. A triaxial state of deformation is induced in material. A compressive deformation is induced in the 

direction of the force applied from the working rolls. The components of deformation in both transverse 

directions are tensile. To study the formability of the boundary conditions in the zone of deformation main the 

direction of propagation is the most important for investigation of boundary conditions of formability, because 

tensile stress acts on the sample surface and tensile deformation takes place. This combination of tensile 

deformation components causes material failure after excess of the limit state [4]. 

mailto:stanislav.rusz2@vsb.cz
mailto:ivo.schindler@vsb.cz
mailto:jaroslav.sojka@vsb.cz
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A number of wedge shapes [5] or of their modifications [6] exists. For example new modified shape of the 

wedge sample, that is of the sample with the notches cut in advance on one of its side walls. This 

modification makes the applied method much more sensitive and it should be therefore used for materials 

with very high material toughness. 

2. EXPERIMENTAL PROCEDURES  

Microstructure and technological formability of continuously cast blanks with a diameter of 410 mm from 

3 melts of steel were examined, namely on their surface area. The wedge rolling test [7] was used in order to 

enable investigation of the raw, i.e. non-machined surface area of the continuously cast blank with its 

possible defects. The supplied melts had the following chemical composition - see Table 1. 

Table 1 Contents of selected elements of investigated melts in wt. % 

melt C Mn Si Cr Mo V Nb 

3 0.166 1.14 0.199 0.18 0.008 0.04 0.002 

8 0.152 1.14 0.188 0.15 0.006 0.005 0.028 

9 0.173 1.16 0.191 0.18 0.009 0.003 0.025 

Wedge-shaped samples with length of 150 mm, height from 3.8 to 15.2 mm and width of 15 mm were made 

always from the surface area of the supplied materials. The longitudinal axis of the sample coincided with the 

longitudinal axis of the continuously cast blanks. Formability was studied in freely moving side (originally 

trapezoidal) area, which remained non-machined which thus corresponded to the surface of the given blank. 

The samples were after re-heating to the required temperature (for 20 min) rolled in one pass at different 

temperature; Table 2 demonstrates plan of the experiment: 

Table 2 Temperatures of heating and rolling of individual samples  

heating temperature of deformation 

1340 °C 1150 °C (A)     

1290 °C 1150 °C (B) 1100 °C (C)    

1240 °C  1100 °C (D) 1050 °C (E)   

1200 °C   1050 °C (H) 1000 °C (M)  

1150 °C    1000 °C (P) 950 °C (R) 

Marking of each sample consisted of the number identifying the melt (i.e., 3, 8, 9) and from the letters A 

through R, corresponding to the temperature mode of the test. The wedges were rolled on the laboratory 

rolling mill K350 in the two-high configuration (i.e. with rolls diameter of 150 mm), and at the rotational speed 

of the rolls 70 min-1 [8]. Rolling of the wedge was followed by free cooling of the material on air. Ground 

areas of the selected rolled products were scanned (Fig. 1), which enabled the calculations of deformation 

and of strain rate along their length using special software KLIN [9, 10], working on the basis of computer 

image analysis. 

It is possible to deduce from the ground areas of the rolled products and from the following resulting graph 

(e.g. Fig. 2), that spreading increases and elongation of the rolled samples decreases with the decreasing 

temperature of deformation, and irregularity of spreading increases with the increasing temperature (which 

may be caused by greater scaling of the sample during heating). Identical deformations were achieved in 

different samples with different lengths of the rolled product. Thanks to these calculations it was possible to 

determine for each rolled product the place corresponding to the vertical deformation of 75 %, and to take 

samples from this place for next analyses. 
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Fig. 1 Example of ground area shapes of the rolled products. Melt 9, 

finish-rolling temperature of 1150 °C (A) or 950 °C (R) 

 

 

Fig. 2 Deformation relations along the length of the selected laboratory rolled products. Melt 9.,  

finish-rolling temperature of 1150 °C (A) or 950 °C (R) 

3. DISCUSSION OF EXPERIMENTAL RESULT 

3.1 Microstructure of laboratory rolled products  

Vertical longitudinal sections were analysed by metallography. Microstructure of the samples from the melt 3 

was composed of ferrite, pearlite and acicular ferrite, or of upper bainite. The amount of acicular ferrite and 

bainite decreased with the decreasing temperature of deformation. While at the highest temperature of 

deformation the share of the components, at creation of which the shear mechanism of several tens of 

percent was applied (Fig. 3), from the temperature of deformation of 1050 °C and less their occurrence was 

only sporadic. It is possible to deduce from the nature of the structure that with the decreasing temperature 

of deformation the size of austenite grains also decreased. 

The microstructure of the samples from the melt 8 differed from those from the melt 3 mainly from the 

quantitative perspective. At the highest temperature of deformation upper bainite, or acicular ferrite prevailed 

in the structure, and also occurred usual alotriomorphous ferrite was present. The share of pearlite was very 

low. With the decrease of the temperature of deformation decreases the upper bainite and acicular ferrite, 

but their share was always higher than that for the samples from the melt 3 deformed at the same 

temperature. At the same time a slight increase of the share of pearlite took place. At the temperature of 

deformation of 1000 °C occurrence of non uni-axial areas of bainite was observed in a limited extent in the 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

288 

samples, which suggests that at this temperature full recrystallization of austenite was not accomplished. A 

much higher share of non uni-axial areas of bainite, indicating only a partial recrystallization of austenite, was 

observed in the sample with the temperature of deformation of 950 °C. 

The microstructure of the sample from the melt 9 was very similar to that from the melt 8. However, higher 

share of upper bainite or of acicular ferrite was observed in the melt 9 in comparison with the analogous 

samples from the melt 8 (deformed at the same temperature) (Fig. 4). For the temperatures of deformation 

of 1000 and 950 °C in the samples from the melt 9 a higher occurrence of non uni-axial regions of bainite 

was observed, which means that the share of non-crystallised austenite was in the melt 9 higher at these 

higher temperatures. 

  

Fig. 3 Sample 3A - temperature of deformation   1150 

°C 

Fig. 4 Sample 9A - temperature of deformation 

1150 °C 

3.2 Surface defects of laboratory rolled products  

After cutting off of the clippings flat to the half of the rolled product thickness occurrence of cracks and of 

other defects on the original surface of continuously cast blanks was examined. Character of the surface of 

wedge tests was similar for all three melts, at least from the qualitative point of view. On the surface of the 

samples, which was predominantly scaled, recessions were present, as well as relatively shallow cracks 

(tearings) filled or at least lined with scale. Under continuous layer of scale fine discrete particles of oxides 

were present (probably mainly on the basis of Mn with respect to the relatively low Si content). 

The frequency of occurrence of defects was lower in the melt 3, in principle for all temperatures. In all melts 

the lowest occurrence of defects was observed at both extreme temperatures of deformation, i.e. at the 

temperature of 1150 °C and the temperature of 950 °C. Higher occurrence of defects was observed for the 

temperature of deformation of 1100 °C. The highest occurrence of defects was observed for the temperature 

of deformation of 1050 °C and for the temperature of deformation of 1000 °C, but here only at higher 

temperature of heating - 1200 °C. Cracks reached the depth of max. 0.1 mm below the surface (only rarely - 

in the sample 8H a crack was observed extending to the depth of 0.15 mm - Fig. 5). 

In the case of melt 3 after etching the samples we failed to find a clear structural relationship with the 

occurrence of cracks. In the case of the melts 8 and 9 it was proven, that the cracks formation occurred 

preferentially at the boundaries of austenite grains (as it can be seen in Fig. 6). 
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Fig. 5 Sample 8H - surface  Fig. 6 Sample 9M - surface  

3.3 Results of SEM analyses  

Size of the observed and analysed particles ranged from 30 nm to approx. 15 µm - it means that they were 

inclusions and precipitates. Inclusions are characterised by considerable diversity in their shape (see Fig. 7). 

It is evident from the obtained images (see, e.g. Fig. 8) that distribution of particles in all the samples was 

random, so no connection of the distribution of particles with the grain boundaries was therefore established. 

The distance between individual particles is in the range of approx. 0.5 - 10 µm. 

  
Fig. 7 Sample 9A - SEM Fig. 8 Sample 3E - SEM 

3.4 Results of TEM analyses  

Due to the fact that the samples were made of sub-eutectoid carbon steels, which were ferromagnetic, the 

TEM analysis of the samples was much more difficult (minimum possibility of tilting in the beam). The results 

of observations and analyses showed that all the samples were made from the mixture of ferritic and pearlitic 

areas. In pearlitic areas cementite lamellae Fe3C grow from the boundaries of ferritic grains (Fig. 9). 

Grain boundaries in all the samples are generally clean and free of particles of foreign phases (Fig. 10). Only 

two types of small particles were detected, and only in ferritic grains: the melt 3 contained only Fe3C particles 

of approximately spherical or cubic shape with dimensions of 20 - 40 nm, and the melts 8 and 9 we proved 

the presence, in addition to the same particles as in the melt 3 were, also of disk-shaped particles of niobium 

carbide with a diameter of approx. 40 nm and a thickness of approx. 10 nm. 
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Fig. 9 Lamellae of Fe3C (sample 3E) Fig. 10 Boundaries between ferritic grains (3R) 

4. SUMMARY 

This experiment has confirmed that the wedge rolling test is a source of reliable results for evaluation of 

formability, complemented by structural analyses performed with use of SEM and TEM. The main advantage 

of the wedge rolling test is the similarity of its state of stress with the state of stress at industrial rolling. The 

experiment was carried with use of the low-alloyed C-Mn-Cr steels, micro-alloyed with vanadium or niobium. 

Thanks to the fact that part of the samples was not machined, we were able to study efficiently the impaired 

formability on the raw surface of the continuously cast blank, which is very beneficial for industrial practice. 
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Abstract 

The fundamental goal of production logistics can thus be formulated as the pursuance of greater delivery 

capability and reliability with the lowest possible logistic and production cost. Tasks of production logistics 

include organisation, planning and scheduling of product manufacturing processes, but it is not an objective 

of logistics to develop new technologies or to improve manufacturing processes. Production is concerned 

with short throughput times and high schedule reliability in order to on the one hand, fulfill customer 

demands and on the other hand, increase planning reliability. Furthermore, with shorter throughput times the 

risk of changes being made to orders in progress decreases. However, from the business perspective, it is 

preferred that the available production equipment is highly utilized and that there is the lowest possible WIP 

(Work in Process level). The TPM method most commonly employs three indicators: MTTR, MTBF and most 

typically - OEE. The first two are associated exclusively with technical issues of the examined production 

line. However, as the basic TPM implementation performance indicator stands OEE (Overall Equipment 

Effectiveness), which is a global efficiency rate. This indicator represents the percentage of theoretically 

available effectiveness possessed by a device or production line. The paper discusses some examination 

results for two subsystems, namely the CPA -continuous pickling subsystem and the  FHM - four high mill 

subsystem. 

Keywords: cold mill, maintenance, TPM method 

1. INTRODUCTION 

Most modern enterprises implement the management rules known as lean [1]. Currently, there are numerous 

methods and tools to improve the efficiency of business [2]. It should be noted, however, that the commonly 

proposed lean toolboxes [3] tend to have specific applications (e.g. SMED should be deployed in the case of 

multi-product manufacturing, and the retooling of machines or production lines is as often as several times 

per shift). The variety of manufacturing systems means that each efficiency improvement system requires 

serious analysis. One of the major tasks of these systems is to ensure the continuity of the flow of materials 

in manufacturing processes [4], [5]. One of the methods that can be used in this regard is Total Productive 

Maintenance (TPM), which can also serve as a basis for other analyses, such as using a capacitive element 

in the material flow system. As we know [6], the main goal of TPM is the strive to ensure continuous 

operation of the equipment and machines performing specific tasks, which also means improving their 

operational efficiency. The method is based on the use of human resources to analyse the causes of 

wastage and losses (muda) arising in the process and requires a systemic solution to the problems that 

cause downtime of machinery and equipment [7]. The main objectives for the implementation of the TPM 

method are: 

 reducing the number of equipment failures, 

 accelerating repair times (restoring efficiency) of a unit or line, 

 elimination of micro-stoppages, 

 reduction of losses. 

The performance of typical equipment systems (serial, parallel, mixed) is most often increased by: 

 selecting devices with higher reliability,  
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 improving the reliability of devices or lines (e.g. resulting from the application of TPM), 

 using redundancy, i.e. excess throughout the entire system (the so-called parallelisation of the system 

- often used in control systems), 

 using redundancy, i.e. excess of selected elements in the system (the so-called parallelisation of 

components), 

 placing an additional capacitive element in the system - a buffer, a small warehouse. 

2. THE ESSENCE OF THE TPM METHOD 

The TPM method most commonly uses three indicators: MTTR, MTBF and, most distinctivly, OEE. MTTR 

(Mean Time to Repair) indicates the average time needed to repair a device (in a line). 

repairsofnumber

repairtotimes
MTTR


           (1) 

MTBF (Mean Time Between Failures) indicates the average time between the occurrence of two failures or 

micro-stoppages. 

operation correct ofs occurrence of number

 operation correct oftimes  of
MTBF


        (2) 

The primary measure of the effects of introducing TPM is the OEE indicator (Overall Equipment 

Effectiveness). OEE means the overall efficiency of equipment (machinery, devices). This indicator shows 

the current percentage of theoretically achievable efficiency for a given device or line [8]. The TPM identifies 

6 main losses (in three subgroups): 

Time losses (availability): 

1. Losses due to failure. 

2. Losses for exchanges of die and adjustments. 

Efficiency losses (efficiency):  

3. Losses for dead time and micro-downtime. 

4. Losses due to process speed drop. 

Losses due to defects (quality): 

5. Losses due to occurrence of rejects and corrections. 

6. Start-up losses.  

The OEE indicator is usually calculated using this simple formula: 

OEE = availability x performance x quality x 100 [%] 

OEE = A x P x Q x 100 [%]          (3) 

where: 

A - availability: practical availability, availability factor, 

P - performance: performance effectiveness, performance ratio, 

Q - quality: quality factor. 

Using another description, the factors of the product can be determined as follows: 

A - availability:  
time operating net

time operation

1A

2A
A          (4)

 

P - performance: 
 yieldtarget

 yieldactual

1P

2P
P          (5) 
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Q - quality: 
 yieldactual

products) good of (number  yieldgood

1Q

2Q
Q        (6) 

Analysis of the losses is the starting point for the whole process of introducing modifications. Based on this 

analysis, the problem is recognised, and the impact of the individual components (A, P, Q) on the functioning 

of the object in question is evaluated. Based on the data concerning losses, activities are prioritised and a 

plan is set up. The TPM method requires a systemic problem solution.  

3. IMPLEMENTATION OF THE TPM METHOD IN COLD MILL 

A typical rolling mill system is composed of many subsystems [9]: 

S CRM =  <S1, S 2 … Sn >           (7) 

where n means most often 8 - 10 subsystems. 

There were separated n = 8 subsystems in the examined system, for  example: 

S 1  - the CPA continuous pickling subsystem,  

S 2  - the FHM four - high rolling mill subsystem, 

….......................................................................... 

S 6 - the SCC cross cutting subsystem, 

S 8 - the SSS subsystem of storing and shipping final products. 

The coils of hot - rolled sheets CS are the charge material: 

CS = { csi ; i = 1...M}           (8) 

where: cs i = (gi, si, mi, ti, zi); M = 23 assortments of charge coils of thickness gi, width si, mass mi, pickling 

time ti, and demand zi were investigated. Out of these M = 23 charge assortments w = 83 assortments of 

ready products are made. 

The paper discusses some examination results for two subsystems, namely the CPA (S1) continuous pickling 

subsystem and the FHM (S2) cold rolling subsystem. The diagram of these subsystems is presented in Fig. 

1. 

 

 

Fig. 1 The diagram of subsystems CPA and FHM 
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The elements of the CPA pickling subsystem are: 

S CPA = {M1, UP1, UT1}           (9) 

where: M1 - storage yard of obtained coils, UP1 = {CPA} - continuous pickling aggregate, UT1 = {CR, FE, 

CA} - transport facilities,  

and: CR = (Ci ;  i = 1, 2) - cranes, FE = {P1} - conveyors transporting coils to pickling, CA = {CA1} - bay car, 

transporting a part of pickled coils to the storage yard before rolling. 

The elements of the FHM rolling subsystem are: 

S FHM  = { M2, UT2, UP2}           (10) 

where: M2 - inter - operational store (before rolling mill), UT2 = {CR, FE} - transport facilities, 

and: CR  = (Ci ; i = 3, 4)  - transport cranes, FE  = ( Pj ; j = 2, 3)  - conveyors transporting coils, UP2 = {4HR} 

- four - high rolling mill - tandem. 

Using a systemic approach to solving the problem of machine downtimes, one can check the influence of 

other solutions on improving the continuity of flow of materials in manufacturing processes [10]. Such 

improvement should result in an increase in productivity of the manufacturing system. Implementation of the 

TPM method in one of the metal plants required complex approach to the company activity. Thus, specific 

TPM structure was accepted, consisting of eight pillars (8 Units), including:  

 Planned repair management pillar - PM. 

 Quality improvement pillar - PQ. 

 Training and education pillar - T&E. 

 Lean flow pillar - LF. 

Selected results of implementation of the TPM in Cold Rolling Mill is shown in the Table 1 and Fig. 2. 

Table 1 Operation times for the sample coils No 1 

Process Operation 
Time 

hh:mm:ss 
Score time                        
gg:mm:ss 

P
ic

k
li
n

g
 o

f 
c
o

il
 

1.Transport by crane No 4 00:03:21 

01:03:53 

02:22:25 

2.Buffer before unrolling 00:25:07 

3.Preparation of metal band 00:02:31 

4.Waiting for the pickling 00:03:23 

5.Welding metal bands 00:01:14 

6.The continuous pickling 00:11:08 

7.Cut - of band 00:01:16 

8.Transfer of coils to storage 00:03:32 

9.Buffer before rolling  00:12:21 

R
o

ll
in

g
 o

f 
c
o

il
 

10.Transport by crane No 9 00:01:16 

01:18:32 

11.Transport before the mill 00:34:28 

12. Preparation of metal band 00:02:11 

13.Waiting for the rolling 00:03:11 

14.Cold rolling 00:06:43 

15.Removing the metal bands 00:00:43 

16.Transport outside the mill 00:29:02 

17.Transport by crane No 13 to storage  00:00:58 
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Fig. 2 Times of each operation (from 1 to 17) for the sample coils No 1  

Results for CPA CONTINUOUS PICKLING LINE (data for one month): 

A - availability:    81,0
min 790 36

min 800 29

1A

2A
A                                           

 

P - performance:   87,0
Mg 580 73

Mg 936 63

1P

2P
P                                      

Q - quality:    99,0
Mg 936 63

Mg 861 63

1Q

2Q
Q           

Overall Equipment Effectiveness: OEECPA = A x P x Q x 100 % = 69,8 % (world class - good).        

Results for FHM FOUR - HIGH ROLLING MILL (data for one month): 

A - availability:    66,0
min 380 34

min 795 22

1A

2A
A                                                  

 

P - performance:   76,0
Mg 198 72

Mg 399 55

1P

2P
P                                                    

Q - quality:    99,0
Mg 399 55

Mg 340 55

1Q

2Q
Q                                            

Overall Equipment Effectiveness: OEEFHM = A x P x Q x 100 % = 49,6 %  (world class - low).    
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CONCLUSION 

The OEE coefficient is strongly dependent on the operation of the production line, but its value depends on 

the method of calculation methods and data collection. Therefore, OEE should be treated as an internal 

indicator that allows to estimate the improvement or deterioration compared to the situation from a different 

time period on the same production line. In the case of the pickling process and to improve the rolling 

coefficient OEE would first seek to improve the availability of the index as it has a small value. Improving the 

value of this ratio can be achieved not by eliminating unplanned downtime, but the analysis of the causes of 

their occurrence and to find the reasons that cause it stops. 

The main reasons for the occurrence of unplanned downtime in addition to the rolling process are difficult to 

predict failure is inadequate planning and production of the pickling process improvement to be found here, 

because the two processes are closely linked. 

Global research indicates that the average OEE rate in manufacturing plants is approximately 60 %. 

The results on the global level is 85 % or more. 

In this case, the result of 69.8 % and 49.6 %, thus improving the possibility is very high. 
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Abstract 

The solution of problems of materials forming can be reached by application of various ways (types) of 

modeling. Division into ways of modeling is quite conditional and has no clear boundaries since one way is 

quite often appears to be basic or includes another one. So, it is difficult to unambiguously separate 

computer modeling into numerical and drawing (graphic). Roughly speaking, geometrical modeling is the 

part of mathematical one and is allocated here in the separate type only because it makes a basis for a set 

of graphic software packages. In this work the classification scheme of various ways of processes and 

objects modeling, suitable for solution of technological and designing tasks, is given. Application of the 

offered classification is shown on the example of plastic forming processes modeling. There were also 

questions of metal yielding kinematic schemes substantion in processes of a shape formation of flat samples 

investigated. 

Keywords: modeling, metal yielding, forging, stamping, plastic forming processes modeling 

1. INTRODUCTION 

Considerable share in total amount of produced blank pieces received in metal forming processes is taken 

by blank pieces with well developed “fine” web and rigidity edges. 

Mathematical modeling which allows the describing of thin metal layer deformation is originated from the thin 

plastic layer flow theory (TPLFT) [1]. Owing to the number of assumptions this theory gives the approximate 

picture of metal flow. It is rather convenient for creation of evident picture of metal flow when it is necessary 

to get not quantitative, but qualitative characteristics of the process. 

The essence of mentioned assumptions is represented by two conditions: condition of full plasticity 

according to which pressure tangents are equal to zero, as well as kinematic condition consisted in the 

equality of cross-sectional speeds of particles flow along the layer thickness. Then the spatial contact 

pressure curve (SCPC) represents the identical slope surface (ISS), all generating lines of which are inclined 

to the contact plane under identical corner. It is left to add boundary conditions and friction conditions, and 

the system of equations can be considered as closed. 

In case when the contour is simple (for example, square) and boundary conditions are homogeneous (for 

example, free settling), boundary pressure curve represents the edge of identical height. 

To get the SCPC (Fig. 1, a), at this edge it is necessary to construct ISS which in this case has the form of 

pyramid. Projections of SCPC crests to the contact plane are metal flow boundary lines (MFBL), in this case 

- square diagonals. Projections of slope lines are flow lines (FL). Then points, equidistant from a forging 

piece contour (Fig. 1, b) are lying at the FL. 

In case when boundary conditions are heterogeneous, flow lines are orthogonal not to the valid, but to the 

conditional contour which shape depends on size of boundary pressure. 

mailto:kgiu@mail.ru
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For details of integral shape used in mechanical engineering the construction of MFBL is not an easy task. It 

demands wide experience and considerable time. 

For its solution different types of geometry modeling are used. 

  
a)           b) 

а) SCPC; b) metal flow picture 
Fig. 1 Model of forging piece shape formation 

In an analytical view the problem of MFBL construction can be raised by means of differential geometry. 

However to find the analytical solution in a general view it is not obviously possible. This problem can be 

solved only for special cases. For example, when the contour is an ellipse. 

If we consider that any contour can be approximated by straight lines and circular arcs then all the variety of 

variants can be reduced to four: straight line - straight line, straight line - circle, two circles, circle in a circle. 

Then the MFBL in the first case is straight line (bisector), in the second - parabola, in the third - hyperbole, in 

the fourth - ellipse. In processes of plastic deformation the settlement of rectangular plate with two round 

cuts and a round plate with round cut corresponds to this. 

If we build the MFBL by means of analytical geometry as the projection of SCPC, then in this case we are 

getting same results, i.e. the line of two conical surfaces crossing is the ellipse, or the hyperbole, that is 

resulted from the solution of algebraic equations system. 

The same problem can be solved by perspective geometry methods, using the way of auxiliary secant 

planes and getting the identical solution. Research of crossing line shape on these surfaces shows that 

these are quadric curves. 

Recently the graphic computer modeling becomes the effective mean for solution of multiple applied 

problems that is connected with perfection of CAD/САМ-systems and graphic software packages, as well as 

increase of computer facilities possibilities. 

Some of them suppose the use of “superficial” analogies when the distribution of any parameter along the 

area (or the volume) of the body is represented in the form of some spatial curve surface. At modeling of real 

processes such surfaces represent rather difficult geometrical objects, and their image on the plane meets 

essential difficulties. At the same time, quite often the problem consists not only the showing of such surface 

contours, but, that it is much more important, the construction of crossing line of its separate sites. 

2. MODELING OF METAL YIELDING IN PROCESSES OF FORGING AND STAMPING 

Hence, by solving of problem on the construction of polyhedrons and rotation bodies surfaces crossing line it 

is possible to define some parameters of metal formation processes. 

For control of metal flows on blank piece plate in processes of metal forming technological cuts or 

technological dredging are used; they allow to prevent some defects (“chamber”, unsatisfactory outset of 

fibers, “air locks”), as well as to regulate the distribution of volumes of metal along the blank piece. Usually 
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such cuts (dredging) are carried out in the shape of circle. Then all the variety of spatial contact pressure 

curve (SCPC) can be reduced, basically, to three purely geometrical problems. 

2.1 Let the square plate with round section be exposed to deformation between rigid plates 

(Fig. 2, a) 

According to the above-stated reasoning the problem is reduced to building of projections of crossing line of 

pyramid and a circular cone surfaces (Fig. 2, b). 

For the solution of the problem there should be contour of a plate set which is defined by its dimensions, and 

slope forming angle (slope lines) to the horizontal plane which depends on physical characteristics of plate 

material. 

The sequence of curve graphic building, executed manually with use of auxiliary secant planes method (Fig. 

2, c), is stated in details in [2]. Curves of cone and pyramid crossing are parabola sections, as pyramid sides are 

inclined to the basis under the same angle, as generic lines of the cone, i.e. parallel to each other. The horizontal 

projection of crossing line owing to properties of identical slope surface represents the equidistant curve, 

distances from which to contour points are equal in pairs. 

Graphic package COMPAS 3D is rather convenient for modeling of surfaces with identical slope, as it allows 

the creation of 3D-models of spatial objects (Fig. 2, b) first and then to get their drawings in projective view 

(Fig. 2, d). From comparison of images c and d at the Fig. 2 almost full coincidence of them is obvious. 

Convenience of COMPAS for solution of such problems is the fact that pressing of surfaces in it is made 

under an identical corner to the basis, as it is required for creation of identical slope surfaces. 

                     

    a)     b)         c)      d) 

Fig. 2 Building of crossing line for pyramid and cone 

It is necessary to mention that in general case when there is any polygon in the basis, the identical slope 

surface represents a polyhedron of quite difficult configuration that makes both automated and “manual” 

solution of the problem difficult. 

2.2 Let the rectangular plate with two round sections of different radius be exposed to deformation 

between rigid plates 

In the given problem where the internal contour consists of two circles, us only private question of 

construction of a line of crossing of two "upside down" cones and definition of the form of this line since the 

decision of a problem on crossing of a cone by a plane by us it is solved earlier interests. 

In this problem where the internal contour consists of two circles, we are only interested in building of 

crossing line of these two “upside down” cones and definition of this line shape since the solution of the 

problem about crossing of cone with the plane is solved earlier by us. 

It is obvious that the curve, equidistant from two circles, is nothing but the hyperbole as it represents a 

projection of crossing line of two cones, as confirmed by Fig. 3. 
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a)          b) 

а) solid model of SCPC, b) Projection drawing of SCPC 
Fig. 3 Rectangular plate with two cuts 

2.3 Let the round plate with round non-central section be exposed to deformation between rigid 

plates 

The problem is reduced to construction of crossing line of two cones one of which is “upside down” (Fig. 4). 

The analysis of crossing line shape for two differently directed cones allows the drawing of conclusion that it 

is an ellipse. The projection of an ellipse to horizontal plane also represents an ellipse. 

In a case when the cut centre is located outside the plate contour, i.e. cut represents not the full cycle, but 

truncated, the decision essentially does not differ from previous one, with only difference that the edge is an 

ellipse arc. Thus the specified edge “rests” against the cone basis in points of cut border. 

Other cases of surfaces crossing at the identical slope, not considered here, are only combinations of 

presented structures. 

Thus, by means of COMPAS it is possible to receive the solution for difficult contours and surfaces (Fig. 5, 

a). However it is not always possible. For the whole class of contours it is impossible to press out a surface 

to the end, i.e. to receive a limiting embankment (Fig. 5, b). 

In case when the contour shape is very complicated and it is difficult to receive the solution by different ways, 

it is possible to use analogue modeling. 

By the way we should mention that the latter way of modeling by means of COMPAS can be simultaneously 

considered as geometrical, analogue and computer method. 

   

a)      b) 

   Fig. 4 Round plate with round cut     Fig. 5 Models of identical slope surfaces in COMPAS 

In metal forming processes considerable share is taken by flat blank pieces, shape formation of which 

comply with laws defining the contact pressure curve shape, similar to the shape of identical slope surface. It 

is connected with a number of assumptions simplifying the initial system of differential equations, describing 

the stressed-deformed state (SDS) and parameters of metal flow along the blank piece plate. 

The identical slope surface is characterized by the fact that all its generating lines are inclined under an 

identical corner to the basis. Straight circular cone and regular straight pyramid can serve as trivial examples 

of such surfaces. It is obvious that limited embankment formed by any loose material, placed on a plate and 

b 
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having similar contour with the blank piece can serve as physical model of such surface. Such way of SDS 

description in processes of materials plastic deformation is known as “sand analogy” [1]. 

Modeling by loose material [3] allows the receiving of evident picture of metal flow along plate of blank piece, 

considering that projections of spatial contact pressure curve edges to the contact plane are border lines of 

metal. Physical modeling also gives the chance to define unequivocally the shape of SCPC that plays an 

essential role when the numerical decision demands to be checked and presentation of its graphic 

interpretation is advanced to the forefront. 

As it is possible to simulate only one limiting embankment for every forging piece, then the problem on 

construction of SCPC has the unique decision, and this decision always exists. 

For physical modeling fine-grained salt filled on cardboard plates which contour had various shapes was 

used as a loose material. 

Physical modeling gives interesting results which are often not kept within the accepted theory. According 

to the normal metal flow kinematic scheme (MFKS) following from TPLFT, flow lines is directed to the normal 

to a blank piece contour. Then the rectangular plate in a course of settlement has to turn into polygon. But in 

real processes the rectangle is deformed into an ellipse and so-called “lugs”, inexplicable within TPLFT, are 

observed. 

Well-known Soviet scientists M.V. Storozhev and E.A. Popov in the book “Theory of Metals forming” [4] 

provide limit cases of MFKS - normal and radial (Fig. 6). According to radial MFKS flow lines are directed 

along radiuses of some circle, at an angle to blank piece contour. Therefore, for rectangular contour of MFBL 

-point in the center of the figure. Then in the course of deformation the rectangle increases in sizes, but 

doesn't change the shape. They claim that the type of MFKS mainly depends on coefficient (indicator) of 

friction. Thus the normal MFKS is characteristic for a case when the coefficient of friction is equal to 1, and 

radial - to zero. It is clear that in practice both options are unattainable since it is considered that the friction 

coefficient in processes of metal forming changes within range of .2 to .6. Then it is logical to assume (about 

what authors also say) that some “intermediate” MFKS actually takes place. But what does it look like? 

 
Fig. 6 Normal and radial MFKS 

Attempt to combine normal and radial schemes was done at the end of last century by researchers under the 

leadership of I.V. Kostarev. They have raised the idea that at the initial moment of deformation the normal 

MFKS takes place, and then - pseudo-radial one, which combines elements of normal and radial MFKS: 

MFBL are located in same position as in normal, but FL are directed along radiuses of arcs of some circles 

which position is defined by boundary conditions. It can seem that at such approach there isn't no need in 

normal scheme since it is absolutely unclear what to consider as the initial moment and when it comes to an 

end. It is apparently possible to accept only pseudo-radial scheme as real one, which is observed during all 

the process of settlement. However it appeared that exactly the normal scheme gives the chance to estimate 

(to carry out the express analysis) the metal flow picture. Let big errors thus appear, but the result can be 

received quickly and visually. Moreover, the normal scheme can be subject to formalization rather easily and 

gives the chance to use so-called “sand analogy”. The negative point is only that it doesn't consider the 

change of friction coefficient. 
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Computer modeling is truly considered today as the most productive and powerful way of modeling 

combining both numerical and graphic methods. 

All ways of computer modeling can be conditionally divided into two categories: ways of processes modeling 

(WPM) and ways of objects modeling (WOM). 

It is possible to charge CAM/CAE and other systems allowing to model process in concrete subject domain, 

to WPM. Such programs are called as applicable. In the field of metals processing DEFORM, FORGE, 

ANSYS, SPLEN and others belong to them. 

CAD-systems, allowing to model geometrical objects (from primitives to complex curvilinear surfaces) are 

charged to WOM. Besides such systems give the chance to design difficult machines and mechanisms and 

to prepare design documentation for them. Examples of CAD-systems are COMPAS, SolidWorks, 

Unigraphics. 

The purpose of researches presented here is the creation of program complex, simple in development and 

quick in the handling (i.e. allowing to receive result quickly and to make the express analysis of plastic 

forming picture) for modeling of metals plastic forming processes, capable to serve as the intellectual 

assistant to designer and technologist. 

For full automation of modeling and forecasting of material plastic forming in metal forming processes, as 

well as for solution of constructional and technological issues it is expedient to create the software complex, 

including following blocks: intellectual, realized in the form of expert system (ES); infological, consisting of 

DBMS; modeling itself; also electronic libraries filled with information of design and technological nature. 

For the purpose of metal flow modeling on a forging piece plate we have developed the software complex 

PARSHTAMP based on TPLFT. It allows the construction of the following: forging piece contour, MFBL, 

picture of metal flow, profile of rigidity rib, SCPC as well as solving of optimization of technological cuts 

problem by means of which it is possible to manage metal flow. Last three blocks are under the completion 

stage. 

To use PARSHTAMP for modeling of real processes its modification and completion are required. And for 

making PARSHTAMP modern, convenient, intelligent interface additional program blocks which were 

mentioned above, are necessary. 

However the modeling of normal MFKS and additionally the SCPC, based on an analogy with ISS, is 

possible in simpler way, namely by one of WOM use, for example, COMPAS. It is necessary to mention, by 

the way, that apparent simplicity is explained by two circumstances: first, one of methods of solid-state 

models receiving in COMPAS is called “extrusion” which represents the creation of ISS on the set contour 

that is quite corresponding to ideas of TPLFT; secondly, this task is considered as simple only by ourselves - 

users of COMPAS, and for developers of this software product the problem of spatial model creation was 

hardly easier than the problem which PARSHTAMP author put for himself. 

The well-known software product COMPAS is rather convenient for SCPC and MFBL modeling because, at 

first, it is simple for development; at second, the extrusion of solid-state model at the flat contour happens so 

that all generating lines of received surface are inclined under one angle to the contour plane. Therefore, the 

solid-state model is the surface of identical slope similar to the SCPC shape. Upon coming to the drawing 

the horizontal projection of this model is displayed by MFBL. 

Applying the COMPAS we actually deal with the analog modeling, just using modern tools. As we can see, in 

this case it is difficult to divide computer and analog modeling. 

Comparison of results received in the COMPAS and PARSHTAMP, shows the good coincidence to physical 

experiment. 
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It seems that possibilities of ICC modeling in the COMPAS aren't limited. It is confirmed by solid-state SCPC 

models for difficult multi-coherent contours. However for apparently simple single-coherent contours it isn't 

possible to construct the model. COMPAS doesn't allow extension (extrusion) of such surface to the very 

top. Multi-coherent contours have no such difficulties since for them there is no need to “extrude” modeled 

surface to the big height. 

Possibilities of surfaces solid-state modeling in SolidWorks are much wider; however this computer system is 

also not always allowing the getting of the solution. More perfect and difficult systems, like Unigraphics, 

provide almost unlimited opportunities in this view. 

From the above it is seen that for geometrical modeling of SCPC corresponding to the mathematical TPLFT 

model both WPM, and WOM can be applied. 

Generally speaking, on the example of shape formation problem solution for fine blank piece we considered 

all types of modeling.  

It is necessary to resolve the issue, which MFKS should be considered as the most approached to the real 

scheme of metal flow. For this purpose it is necessary to conduct experiments. However, at first, such 

experiments were already conducted by several researchers that was mentioned above, and at second, 

such experiments which will allow the revealing of the field of speed or movements along whole square of 

the blank piece, are necessary, i.e. to define the “structure” of metal flow. And it isn't so clear how to make 

the picture of metal flow visual by means of physical modeling. In any case this task appears to be very 

difficult. If we take into account inevitable time and finance expenditure for preparation and conducting of the 

experiment, then the task becomes unattractive at all. 

The only one productive escape from this situation is the replacement of physical modeling by the virtual 

experiment. Applied software packages, such as DEFORM, FORGE, ANSYS, SPLEN, etc. are the most 

effective for this purpose. 

One of the best representatives of programs based on FEM is DEFORM, developed by the American 

company Scientific Forming Technologies Corporation (SFTC), being the leader in the field of metal forming 

processes modeling. DEFORM allows the modeling of almost all processes applied in the processing of 

metals by means of pressure (forging, stamping, rolling, pressing, etc.), as well as operations of heat 

treatment (tempering, aging, softening, etc.) and mechanical processing (milling, drilling, etc.). These 

programs well proved itself at the solution of numerous practical tasks, and today many enterprises in our 

country and abroad are successfully using it. Therefore DEFORM was chosen as the program of virtual 

experiments modeling for research of metal forming processes. Virtual experiments were conducted for 

settlement of rectangular plate with various proportions of sides and thickness [5]. 

With a research objective on the influence of friction coefficient k on MFKS there were virtual experiments 

conducted for settlement of aluminum plate made of Aluminium 3003 alloy. Blank pieces with dimensions of 

100*50mm and 5 mm thick was used at the temperature of warming up of blank piece 380 ºС and stamp  

420 ºС, taking into account heat exchange with the environment. Experiment on the settlement was 

conducted in conditions most approached to the real situation. 

Therefore fields of metal particles movement speeds in the plane of deformable sample and tool contact 

(Fig. 7) which gives a fair idea of MFKS [6] were received. For convenience of modeling results comparison 

schemes were compared at identical extent of deformation of 70 %. 

There were also researches conducted for MFKS dependence on other parameters of the process. For 

determination of MFKS dependence on deformable alloy there was settlement of samples from AMts, St35 

and ideally plastic material carried out. It appeared that for different alloys MFKS looks approximately equal. 
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With the increase of blank piece thickness MFKS aspires to the radial scheme irrespective of friction 

coefficient. For thick blank pieces the speed of metal flow considerably decreases in comparison with thin 

blank pieces. For thin blank pieces the friction coefficient is an overwhelming factor at MFKS selection. 

Then it is possible to say that at any parameters of the process an “intermediate” MFKS consisting flow 

zones on a normal to the contour and radial flow zones is real. 

     
a)      b)          c)   

а) k = 0.1, b) k = 0.4, c) k = 0.9 
Fig. 7 MFKS dependence on friction coefficient 

CONCLUSIONS 

1) Thus, for solution of practical problems it is possible to use all methods of modeling depending on an 

objective. 

2) When the express analysis of metal flow qualitative picture is necessary, it is favorable to apply 

PARSHTAMP. If more detailed research of quantitative characteristics of shape formation in the blank 

piece is necessary, it is required to apply more complex CAM/CAE systems, for example DEFORM. 

3) It is expedient to apply various CAD-systems for modeling of spatial objects: from simple to 

complicated, from COMPAS to UNIGRAPHICS. 
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Abstract 

The Split Hopkinson Pressure Bar Test (SHPBT) is used for the determination of mechanical material 

properties at high strain rates, in this case within 102 to 103 s-1. The principle of SHPBT is based on the 

measurement and evaluation of impact loading that is common in high strain rate processes. Strain gauges 

are usually used to record impact loading. This paper deals with recording the impact wave using 

capacitance detectors. SHPBT is a high strain rate test where the compression loading affects a specimen 

placed between two bars. The duration of impact loading is within the range of 40 to 100 microseconds. The 

verification of these detectors was performed by comparing an SHPBT experiment and its numerical 

simulation. The ANSYS LS Dyna 3D software was used for the numerical simulation. AA 5083 aluminium 

alloy was the material used for the experiment. 

Keywords: Split Hopkinson Pressure Bar Test (SHPBT), capacitance detector, numerical simulation, AA 

5083 aluminium alloy  

1. INTRODUCTION 

The Split Hopkinson Pressure Bar Test (SHPBT) is used for the determination of the dynamic mechanical 

properties of materials. Strain rates can reach up to 103 s-1 for SHPBT. Information obtained under these 

conditions can be used for forming operations, where the influence of the strain rate is not negligible. SHPBT 

can be used not only for metallic materials, but also ceramics, polymers, composites and foams. An 

advantage of SHPBT is the direct determination of dependence of the deformation stress - strain curves and 

the strain rate - strain curves. The specimen loading time during the experiment can reach 100 

microseconds. Therefore it is necessary to use a suitable detector, which is able to record fast actions. For 

most SHPBT devices, strain gauges are used [1] [2]. In the present case, cylindrical capacitance detectors 

were used. The numerical simulation was performed using the ANSYS LS Dyna 3D system, which is suitable 

for nonlinear dynamic processes. 

The ANSYS LS Dyna 3D system is explicit simulation software that is used for the simulation of nonlinear 

dynamic processes with large plastic deformation occurring within a short time [3]. An example is the crash 

tests for motor vehicles. This software features fully automatic generation of contact conditions and includes 

a database of more than 130 material models. Some material models are valid only in conditions where the 

strain rate has little influence. Others may be used in a wide range of strain rates and temperatures [4]. 

The aim of this paper is to compare the results of experiments using capacitance detectors with the results of 

numerical simulations. The comparison of the results is performed by comparing the deformation stress - 

strain curves.  
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 Fig. 4 SHPBT scheme with strain gauges [2] 

2. EXPERIMENTAL TECHNIQUE AND MATERIAL 

Dynamic mechanical properties of materials are determined from compression tests by recording elastic 

pulses using two capacitance detectors. Each bar (incident and transmitter bars) is equipped with one 

capacitance detector. The evaluated impact, which is recorded by the first capacitance detector, is created 

by the striker bar at impact on the incident bar. The striker bar is accelerated by a gas gun, which is a part of 

the test device. The striker bar impacts centrically on the incident bar, where it produces an elastic 

compressive pulse (incident stress wave). This pulse propagates through the incident bar until it reaches the 

incident bar/specimen interface. There it is partially reflected (reaction stress wave) back into the incident bar 

and partially transmitted (transmitted stress wave) through the specimen into the transmitter bar. The 

stresses of the three waves in the bars are detected by capacitance detectors, which are connected to a 

digital storage oscilloscope. Then the standard evaluation methodology used for SHPBT follows. The test 

assumes one-dimensional stress wave spreading in the incident and transmitter bars.  

Fig. 5 SHPBT scheme with capacitance detectors [5]  

The equipment used is shown in Fig. 2, fitted with cylindrical capacitance detectors that are connected to the 

storage oscilloscope. Cylindrical capacitance detectors are put on the incident and transmitter bars. This 

configuration can be used mainly on the incident bar where the aim is to detect the incident (incident stress 

wave) and reflected (reaction stress wave) pulses see Fig. 3. If the impact detector is in incorrect position on 

the incident bar, the incident and reflected pulses are prone to interference. Using a cylindrical capacitance 

detector, the problem can be easily removed. The capacitance detectors used are based on the principle of 

capacitance change when the elastic stress pulse is passing through the bars. The capacitance change data 

are then converted to mechanical stress data and deformation data of the incident and transmitter bars. The 

standard test methodology is then used for the converted data. 

The material used in the experiment is AA 5083 aluminium alloy. AA 5083 aluminium alloy is used for 

constructions with high durability requirements such as storage tanks, pressure vessels and sailing craft [6]. 

As a material model used in the numerical simulation, the Johnson-Cook constitutive equation was used. It 

describes the influence of material hardening, strain rate and temperature very well. The chemical 

composition and mechanical properties of AA 5083 aluminium alloy are given in Table 2. The parameters 

needed for the Johnson-Cook equation are given in Table 3 and were obtained from [7]. 
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Table 2 Chemical composition and mechanical properties of AA 5083 [6] 

% Al % Cr % Cu % Fe % Mg % Mn % Si % Ti % Zn 

93.60 0.25 0.10 0.40 4.40 0.60 0.30 0.15 0.20 

Rm [MPa] Rе [MPa] As [%] 
 

275 170 12 

Table 3 Parameters of Johnson-Cook equation [7]  

 

0 [MPa] B [MPa] C [-] n [-] m [-] 

AA 5083 167 596 0.001 0.551 0.859 
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where T* is the normalized temperature: T* = 0 for T < T0, T* = (Т- T0)/(Тm - T0) for T0 < T < Tm ,  

T* = 1 for T > Tm. The symbols 0, B, C, n, and m are five experimentally defined parameters.  

0 - yield stress [MPa], B - hardening modulus [MPa], C - strain rate sensitivity coefficient, n - hardening 

coefficient, m - thermal softening coefficient, T0 - room temperature [K], Tm - melting temperature [K], ε*0 - 

referential strain rate (most frequently it is equal to 1 s-1) [5]. 

 

Fig. 3 Recorded pulses for AL-5-18 specimen made of AA 5083 aluminium alloy 

 

Fig. 4 Standard geometry of specimen for SHPBT 
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3. RESULTS AND EVALUATION 

Evaluation was performed in two ways:  

 Comparing the final dimensions of specimens from the experiment and the numerical simulation at 

given velocity of the striker bar. 

 Comparing mechanical stress - strain curves at a given velocity of the striker bar.  

The comparison of the final dimensions of the specimen from the experiment is shown in Table 4. It is 

clearly shown that the relative error incurred between the experiment and the numerical simulation does not 

exceed the value 2.8 %.  

The standard methodology for SHPBT was used to obtain the mechanical stress - strain dependence, for 

example according to [8]. The process of evaluation is expressed by equations (2),(3),(4). The mechanical 

stress - strain curves were calculated without mathematical filtering and with mathematical filtering. 

Mathematical filtering was performed using in the Scope 5.5 software, which is supplied with a storage 

oscilloscope. The following relations can be used assuming a uniaxial stress state in the specimen. From the 

pulse detected, instantaneous values of mechanical stress, strain and strain rate can be determined [8]:  
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where  - mechanical stress [MPa], E - elastic modulus of transmitter bar, Sbar - transmitter bar cross 

sectional area, Sspecimen - specimen’s cross sectional area, εr(t) - reflected incident bar strain history in time, 

εt(t) - transmitted strain history in time, C0 - infinite wavelength wave velocity in the incident bar Lspecimen - 

length of specimen. 

Table 4 Comparison of experimental results and simulation for selected specimens of AA 5083 

Specimen AA 5083 Al-5-17 Al-5-18 Al-5-19 Al-5-20 

Impact velocity of striker bar [m/s] 22.96 26.21 28.20 29.30 

Final length [mm] 

Experiment 8.03 7.73 7.58 7.45 

Simulation 7.81 7.61 7.48 7.42 

Error [%] 2.74 1.55 1.32 0.40 

Final diameter [mm] 

Experiment 9.57 9.83 9.84 9.92 

Simulation 9.62 9.78 9.87 9.91 

Error [%] 0.52 -0.51 0.30 -0.10 
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Fig. 5 Stress-strain curves Al-5-17          Fig. 6 Stress-strain curves Al-5-18 

 

Fig. 7 Stress-strain curves Al-5-19          Fig. 8 Stress-strain curves Al-5-20 

4. DISCUSSION  

The energy required to produce the specimen deformation is given by the size and velocity of the striker bar. 

As inferred from Fig. 1 and Fig. 2, the striker bar velocity is obtained using compressed air. Part of the 

SHPBT device is an air tank which is connected to a compressor. The pressure of the compressed air is 

defined by the duration for which the compressor is running, i.e. the duration of filling the air tank. The 

energy of striker bar is defined by its velocity which is measured just before the impact on incident bar. 

Factors such as air tank leakage during the filling, the time of starting and stopping the process of filling, 

friction between the striker bar surface and the guide rail, the delay between the end of the filling and the 

acceleration of the striker bar are consequences of different impact velocities of the striker bar under the 

same conditions (the time of filling the air tank). It follows that every SHPBT experiment is statistically 

unrepeatable. In Fig. 5, Fig. 6, Fig. 7, and Fig. 8 a comparison is given of experimental results and 

numerical simulation from the ANSYS LS DYNA 3D software. The experimental results were achieved using 

cylindrical capacitance detectors. It follows that capacitance detectors can be used as a possible substitution 

for strain gauges. Negligible differences between the experiment and numerical simulation are caused by the 

material model used in numerical simulation i.e. the Johnson-Cook constitutive equation, see Table 3.  

Fig. 5, Fig. 6, Fig. 7, and Fig. 8 show different values of strain which are caused by the different duration of 

the reflected and the transmitted pulses. These pulses are necessary for the evaluation of the test. The 

mechanical stress - strain curve created in the numerical simulation is determined from the time change of 
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specimen shape. Thus, the reflected and transmitted pulses do not have any an influence on evaluation via 

numerical simulation. 

CONCLUSIONS 

The aim of this paper was to perform an experiment with SHPBT using cylindrical capacitance detectors as a 

suitable substitution for strain gauges. The capacitance detectors and the strain gauges are used for 

recording elastic stress pulses on incident and transmitter bars. Experiments were performed on an SHPBT 

device, which was equipped with cylindrical capacitance detectors. Data from the capacitance detectors 

were evaluated by a standard methodology for SHPBT. A disadvantage of strain gauges is the distortion of 

received signal and noise dispersion. This is caused by electromagnetic interference environment [9]. 

Another disadvantage is the aging of strain gauges and of the epoxy glue used for attaching the strain gage 

to the measuring element. Cylindrical capacitance detectors can be moved along the incident and transmitter 

bars. This is an advantage over strain gauges, which have a fixed position on the bars. Numerical simulation 

by the ANSYS LS DYNA 3D software was used for correct verification of experimental results. AA 5083 

aluminium alloy was used for this case. The material model used in the numerical simulation is based on the 

Johnson-Cook constitutive equation. Input parameters of the Johnson-Cook equation are shown in Table 3. 

It follows from the above that is possible to use cylindrical capacitance detectors as an equivalent of strain 

gauges.  
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Abstract  

Increase of mechanical properties in sheets, obtained by severe plastic deformation is very important for final 

manufacture of machine parts produced from such blanks. At the VSB - Technical University of Ostrava, 

Faculty of Mechanical Engineering special equipment DRECE (Dual Rolls Equal Channel Extrusion) was 

developed, which uses the principle of severe plastic deformation for refining of structure. This device is 

unique in Europe, since the process of structure refining in flat blanks is ate present still under development. 

The paper analyses the influence of number of passes through the DRECE machinery on the achieved 

mechanical and forming parameters in low carbon steel. Severe plastic deformation realized in this manner 

brings substantial refinement of structure. The heat treatment of part of sheet was applied after DRECE 

processing. Preliminary metallographic analysis was performed for indicative information, so as to find 

whether grains were really refined. Mechanical properties of studied samples were tested by Vickers 

hardness method. The paper describes also the methodology of non-destructive residual stresses 

measurement technique in carbon steel after extrusion of DRECE. 

Keywords: DRECE machinery, SPD process, mechanical properties, residual stresses 

1. INTRODUCTION 

The most important mechanism of cold and hot plastic deformation is dislocation slip, which is the most 

evident under the shear stress load. It is one of the main pre-requisites at designing the methods based on 

the use of the SPD process. The process of refining the structure during plastic deformation is based on 

dislocation mechanisms. The effect was observed mainly in metals and alloys with cubic face-centred lattice, 

characterized by a high number of slip systems (Al, Cu, Ni). Plastic deformation generates in lattices high 

density dislocations. The dislocations are usually arranged in specific configurations, which depend on the 

crystalline structure of the material [1]. This concerns the dislocation walls, accumulation at the barriers of 

slip planes (shear bands), dislocation loops and dislocation cells, and more. The interaction of dislocations 

leads to the formation of sub-grains with low-angle boundaries [1, 2]. These sub-grains may further change 

when exposed to severe plastic deformation, which can lead also to the formation of high-angle boundaries 

and thus to further refinement of the original grain. At present, stabilisation of structure of thus created 

materials, which is associated with an optimum heat treatment of produced materials from the viewpoint of 

preservation of their high mechanical properties with unchanged or only slightly reduced ductility, is the 

subject of very intensive research at important scientific-research institutions and universities. Experimental 

results achieved in numerous reputable working sites indicate that use of high or severe plastic deformation 

of metals makes it possible to produce materials with extraordinary physical and mechanical properties, 

which could be used for production of technologically extremely stressed parts or structures. This naturally 
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leads to reduction of their weight. It turns out that this way of research and possible practical realisation of 

the achieved results is very perspective.  

2. DRECE METHOD 

The main goal of the paper is a review of current achieved results given by processing of low carbon steel-

based materials by DRECE method (Dual Rolls Equal Channel Extrusion). The prototype equipment of 

which has been put into service at the Department of Mechanical Technology at VSB - Technical University 

of Ostrava. The paper shows proposals of testing procedures for determination of UFG materials micro-

structural stability after DRECE method. Used this method belongs to the group of a progressive type of 

forming processes making use of severe plastic deformation (SPD). The SPD methods make it possible to 

process suitable materials to achieve ultrafine grain structure (UFG) with mean grain size of 1μm. Forming 

method DRECE is an extrusion technology with limited cross-sectional reduction to achieve high degree of 

deformation of suitable selected material. Prototype of the equipment is shown in Fig. 3. 

 

Fig. 1 Scheme of DRECE prototype equipment 

Both experimental materials have been formed by DRECE process at ambient temperature, without previous 

heat treatment and operative heating between individual passes. The sheets were rotated by 180° around 

longitudinal axes between individual passes. Realised number of passes: low carbon steel: 2x - 4x - 6x 

passes through the DRECE equipment. 

2.1 Experimental material and procedures 

Low carbon steel was used for investigation in the form of sheet with dimensions 48x2x1000 mm (see Fig. 

4). Chemical composition of investigated steel is given in Table 1. Strip form carbon steel was extruded 

through the DRECE equipment. Hardness HV10, mechanical properties (yield strength Rp0.2, ultimate 

strength Rm and ductility A80mm) were evaluated in initial state and after application of the DRECE process. 

Investigation was completed by metallographic evaluation of micro-structure of selected samples.  

Table 1 Chemical composition (wt. %), steel A (DC01) 

 

2.2 Investigation of changes of dimensions of strips during extrusion through the DRECE tool 

Table 2 gives the values of changes of dimensions at process of extrusion of sheet from low carbon steel 

after individual passes through the DRECE equipment. The measured length was shortened after six passes 

by a maximal value of 23 mm and on the other hand the width increased by 1.4 mm. Hardness evaluation of 

strip provide by Vickers (HV10) method.  

C Mn Al P S 

0.10 0.43 0.02 0.03 0.03 
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Hardness evaluation HV10 was performed with use of hardness tester HPO 250 on cross section cut from 

the samples at the place of measurement in initial state and on the strips after the 2nd, 4th and 6th pass (see 

Table 2). 

Table 2 Obtained hardness values 

Number of passes 
Hardness HV 10  
(average value) 

initial state 93 

2 122 

4 135 

6 136 

It is evident from Table 3, that the average hardness value increased significantly after the 2nd pass and 

slightly after 4th pass. This has confirmed that number of passes exceeding 4 has no significant influence on 

increase of hardness. The achieved highest value 135 (HV10) is higher about 45 % in comparison to the 

hardness value in initial state. This has confirmed correct functionality of the DRECE equipment.  

2.3 Evaluation of mechanical properties by tensile test  

Mechanical properties of the steel grade 11 321 (yield strength Rp0.2, ultimate strength Rm and ductility A80mm) 

were afterwards evaluated by tensile test on the samples taken from selected passes. All the tensile tests 

were performed according to the ISO 6892-1 with using standardized test-pieces according to Annex D. 

Table 3 summarises the results.  

Table 3 Obtained results of mechanical properties of the strip of sheet from low carbon steel grade 

Number of 
passes Rp0.2 [MPa] Rm [MPa] A80mm [%] 

initial state 173 311 50,3 

2x 370 391 22,6 

4x 383 411 15,8 

6x 390 415 14,8 

It can be seen both from table and diagram that values of yield strength Rp0.2 and of ultimate strength Rm 

increase significantly already after the second pass through the DRECE equipment. This is in good relation 

to performed hardness tests. 

The growth is then gradual, maximal value Rp0.2 = 390 MPa. Maximal value of ultimate strength 

Rm = 415 MPa. This increase represents already after the 4th pass an increase of Rp0.2  by approx. 125 % and 

of Rm by approx. 33 %. Results after 6th pass exhibit about comparable values - this is in good relation to 

performed hardness tests as mentioned above. However, elongation A80mm of material decreases rather 

significantly. It dropped from the initial value of 50.3 % down to the lowest value 14.8 % after the 6th pass. 

New finding consists in achievement of slight increase of ductility after the 6th pass, which might have been 

caused by recovery processes. 

2.4 Influence of post heat treatment 

The strips processed by above mentioned DRECE forming were heat treated to observe an influence of 

used heat treatment of basic mechanical properties. Main goal of the experiment is to find if the treatment 

can be used like an interoperable heat treatment process between two set of DRECE forming. The results 

given in the paper are the only partial information about results of used heat treatment. Influence of second 

set of DRECE process after previous and used heat treatment is under evaluation now. Results will be 

available soon. 
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Experiment: DRECE forming (2x, 4x, 6x passes - as mentioned above) - heat treatment (500 °C / 1h / steady 

air) - 2nd set of DRECE forming - another 2x passes (now evaluated). Evaluation of basic mechanical 

properties was performed in the same range as before, i. e. Vickers hardness test and tensile test at ambient 

temperature. Hardness test was performed on cross section cut from the samples at the place of 

measurement in initial state and on the strips after previous 2nd, 4th and 6th DRECE pass (see Table 4). 

Table 4 Obtained hardness values after heat treatment 

Number of passes 
Hardness HV 10  
(average value) 

2 130 

4 131 

6 138 

Obtained results exhibit about equal hardness values between passes. Main goal of the treatment was to 

homogenize structure and partially loss of increased strength values for better performing 2nd set of DRECE 

process. Heat treatment conditions have been selected according to used material and expectable final 

properties. Tensile test was performed under the same testing conditions as in previous tests. 

Table 5 Obtained results of mechanical properties of the strip from low carbon steel after heat treatment 

Number of 
original passes Rp0.2 [MPa] Rm [MPa] A80mm [%] 

2x 243 334 17,8 

4x 250 335 18,8 

6x 254 335 17,8 

Tensile test results confirmed observed hardness values. There are no any significant differences between 

observed passes. The material exhibits increased strength values as well as relatively suitable elongation. 

Thus the process of DRECE forming followed by used heat treatment could be way to produce low carbon 

steel strips with advanced mechanical properties. But the material is to be further processed by one more set 

of DRECE forming to evaluate its influence. The results will be available soon. 

3. RESIDUAL STRESS ANALYSIS 

We conducted an analysis of residual stresses on 

selected materials using the magnetoelastic 

method. A similar characteristic of methods of 

residual stress measurement and the 

characteristic of the magnetoelastic method are 

included in lit. [3 - 5]. The MBN signal is affected 

by many microstructural features and also by 

applied or residual stress. The fundamentals of the 

relation between MBN and stress are relatively 

well understood as illustrated in Fig. 2 [6]. 

Ferromagnetic materials experience the 

magnetostriction phenomenon depending on the 

magnetic field and stress state. For ferromagnetic 

materials, such as steels and cobalt, which have a 

positive magnetostriction coefficient λ, the MBN signal shows an increasing trend in the direction of the 

applied elastic tensile stress. On the other hand, an applied elastic compressive stress will decrease the 

magnetization in materials with positive magnetostriction. Materials with negative magnetostriction coefficient 

 
 

Fig. 2 Barkhausen noise response to tensile and 
compressive stress [4] 
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Fig. 4 Areas of MBN measurement on surface of 

the sample 

show the reverse effect [5, 6]. To evaluate the impact of the DRECE technology on the distribution of 

residual stresses, we used samples of monitored steel - in a default state and after a sextuple draft.  

 

Fig. 3 Typical examples of directional diagrams shapes for magnetic materials in various conditions [9] 

 

We conducted an assessment of residual stresses, in 

accordance with the methods [4,5,6,8], in the centre 

(C) and in the left and right (L, R) part of the strip 

(located in ¼ and ¾ of the width of the strip, Fig. 4). 

Polar graphs depicting the magnetic parameter MBN 

are depicted in Fig. 5 - 7. The graphs show that 

material A in a default state is homogeneous. 

Application of six DRECE drafts led to levelling of 

different residual stress values over the width of the 

strip and to an increase of compression stress in the 

direction of extrusion.  

 

a) isotropic state; 

b) uni-axial tension or compression;  

c) bi-axial compression by two non- 

    equal orthogonal loads;  

d) bi-axial compression by two equal orthogonal loads; 

e) large uni-axial bending; 

f) bi-axial tension by two non- equal orthogonal loads; 

g) small uni-axial bending;  

h) bi-axial tension by two equal orthogonal loads; 

i)  weakly textured specimen with small applied 

tension. 

 
Fig. 5 Polar graph of the MBN       Fig. 6 Polar graph of the MBN Fig. 7  Polar graph of the 

distribution, initial state and                distribution, initial state,    residual stress distribution 

  six time DRECE, center strip,           six and eight time DRECE,               initial state, six and eight  

                   steel A            center strip width, steel A                   time DRECE, steel A 
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CONCLUSION  

The obtained results of experimental verification of structure refining by DRECE process have confirmed 

suitability of this technology for production of UFG structure in low-carbon steel, which leads to substantial 

increase of mechanical properties. Substantial increase of yield strength Rp0.2 and ultimate strength Rm was 

achieved, which opens up much broader possibilities of its use for manufacture of high strength machine 

components (value of the given steel grade is increased). Due to the drop of elongation future research 

works will pay higher attention to the design of an optimal heat treatment aimed at increase of its value, only 

small reduction of its initial size with preservation of achieved higher values of strength. From the perspective 

further extension of research works on improvement of the DRECE process for obtaining UFG structure in 

wide spectrum of materials appears to be highly efficient. 

The application of gradual DRECE cycles leads to leveling of residual stress values on the area of the 

samples and also to a substantial increase in compressive stresses in direction of the extrusion. The use of 

the magnetoelastic method enables a detailed projection of individual technological steps for production of 

new materials as well as a very effective optimization of individual parameters of a technology.  

ACKNOWLEDGEMENTS 

The authors would like to acknowledge gratefully that the Ministry of Education, Youth and sports of 

Czech Republic, project Nanoteam VSB-TU Ostrava, CZ.1.07/2.3.00/20.0038 anmd the the project 

Ministry of Industry and Trade No. 2A-1TP1/124 

LITERATURE 

[1] GUTKIN, M., OVIDKO, YU. et al. Theoretical models of plastic deformation processes in nano-crystalline 

materials. Rev. Adv. Mater. Sci, 2001,Vol. 2, pp. 80-102 

[2] SONG, R., PONGE, D., RAABE, D. Grain Boundary Characterization and Grain Size Measurement in an Ultrafine 

Grained Steel. Z. Metallkd, 2004, Vol. 95, No. 6, pp. 513-517 

[3] TITTO, K. Use of Barkhausen effect in testing for residual stresses and material defects. In Proceedings of the 

Conference on Residual Stress, Cincinnati, Ohio, 1987, in “Design, Process and Materials Selection”, ASM, 1987 

[4] TIITTO, S. Magnetic Methods. Handbook of Measurements of Residual Stresses. 1996, J. Lu (ed.) Society For 

Experimental Mechanics; The Fairmont Press Inc Lilburn, pp. 179-224 

[5] THEINER, W.A. Micromagnetic Techniques. Structural and Residual Stress Analysis by Nondestructive Methods. 

1997, V. Hauk(ed.) Elsevier Science B.V. Amsterdam, pp. 564-589 

[6] OCHODEK, V. Residual stress evaluation in spirally welded pipes for gas pipeline. In  6th International 

Conference on Barkhausen Noise and Micromagnetic Testing, 9. -10. 7. 2007, Valenciennes, University of 

Valenciennes, France, ISBN 978-951-98400-9-3 

[7] MIX, P. E. Introduction to Nondestructive Testing: A Training Guide, Second edition, John Wiley & Sons, 2005. 

[8] CULLITY, B. D. Introduction to magnetic materials, Addison-Wesley Publishing Company, 1972. 

[9] VENGRINOVICH, V. L., TSUKERMAN, V. L. Stress and Texture Measurement Using Barkhausen Noise and 

Angular Scanning of Driving Magnetic Field. In 6th WCNDT 2004-World Conference on NDT, 30.8 - 3.9. 2004, 

Montreal, Canada 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

317 

TOOL FOR REALIZATION SEVERE PLASTIC DEFORMATION 

Abdrakhman NAIZABEKOVa, Violetta ANDREYACHSHENKOa, Jiri KLIBERb, Radim KOCICHb 

 a Karanga State Industrial University, Temirtau, Republic Kazakhstan 
b VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, vi-ta.z@mail.ru  

Abstract 

Recently more scientists are concerned with the problem of the reception and studies of ultra fine materials. 

One of ways product ultra fine materials is severe plastic deformation (SPD). One of the most effective ways 

of grinding metal structure is accompanied by the growth of the mechanical properties is equal channel 

angular pressing (ECAP). It is still not resolved the question of the implementation of the ECAP with industry 

speed deformation. Developed by the authors of a new device that allows you to produce long products with 

industry speed deformation. This article is dedicated to simulation deformation in new tool for realize severe 

plastic deformation. This paper evaluated the degree of influence of technological factors on the stress 

intensity. As a result of the planned experiment posing a mathematical model of the dependence of the 

stress intensity on the geometric parameters of the device and the speed of rotation of the rollers. Most 

affected magnitude reduction rolls and the diameters of rollers relative to the thickness of the workpiece. The 

most rational value of the coefficient of friction of 0.3, providing a stable flow of the process. The simulation 

showed that for the metal in the width direction of the workpiece minimally deformed and can be at a ratio of 

width / thickness of the workpiece - 5-6. 

Keywords: Severe plastic deformation, simulation, deformation 

1.  INTRODUCTION 

Ultra-fine-grained materials play an important role in science and devices development. The improved 

mechanical properties are the reason for a large interest in application of the specified materials. However, 

the main focus is in development of industrial production of the specified materials. 

The main methods of producing the materials of ultra-fine-grained structure are severe plastic deformation 

(SPD) methods [1-7]. However, the majority of the SPD processes are mainly of laboratory character [8, 9]. 

In particular, it is rather difficult to carry out equal channel angular pressing with back-pressure in industrial 

conditions by the reason of complexity of the technological process, and, therefore, low productivity. Even 

thus the mechanical scheme of this process is rather perspective. In this connection it has been decided to 

develop an industrial model of the tool for angular pressing. 

2.  PRINCIPLE OF PROCESS 

For the purpose of implementation of deformation to various alloys, including materials with low plasticity, a 

tool with controlled backpressure [1] (Fig. 1), which allows receiving ultra-fine-grained materials of a wide 

range, has been developed. For ensuring deformation of long specimens, it is decided to design this device 

as follows: 

 To change deformation mechanism and not to use a punch. 

 To increase diameter of rolls, to use rolls as the main deforming device. 

 To use width to thickness ratio 1:6 for ensuring flat deformation and to prevent material flow in the 

direction of the specimen thickness. 

mailto:vi-ta.z@mail.ru
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 To provide width variation of the specimen with possibility of movement of the tool’s left part. 

1 - die; 2, 3 - input and output channels respectively; 4 - preparation; 5 - rolls with adjustable rotation speed 

narrowing the output channel; 6 - punch 

Fig. 1 The device for angular deformation with controlled backpressure 

3.  MODELLING THE PROCESS 

At this research phase it is necessary to reveal the main factors influencing the process of deformation. In 

this connection, using a first degree multinominal is suggested. Decision of implementing of such a 

calculation is connected first of all with the smallest number of coefficients in the model at this number of 

factors and, at the same time, it contains necessary information on the direction of gradient of the fastest 

improvement of optimization parameter. For research the complete factorial experiment (CFE) 25 is used. 

Variable parameters are specified in Table 1. 

Таble 1 Variable parameters 

№ 
Facto

r 
Name 

Unit of 

measure 

Lower 

level 
Main level Top level 

Variation 

interval 

1 Х1 Narrowing of preparation % 1 2 3 1 

2 Х2 
Diameter of rolls, concerning 

preparation thickness 
- 1 1.5 2 0.5 

3 Х3 

Corner between an initial axis of 

preparation, and an axis 

connecting the centers of rolls (a 

corner of a joint of channels) 

° 30 45 60 15 

4 Х4 

Distance from a joint of channels 

of the tool before narrowing 

concerning preparation thickness 

- 0 0.5 1 0.5 

5 Х5 
Relation of speed of rotation of 

the top roll to the lower 
- 0.8 1 1.2 0.2 
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For the experiment the computer simulation is carried out using the 

program DEFORM 3D. For modeling the corresponding models 

were constructed and research of functioning of the mechanism is 

conducted (Fig. 2). The results of the analysis showed that a 

combination of some parameters of the tool cause impossibility of 

the process. Similar results were published for conventional ECAP 

process [e.g. 10, 11] The maximum number of refusals, i.e. those 

combinations of factors at which process does not proceed, is the 

share of X4 and X3 factors being on top and/or on bottom levels. In 

case one of the specified factors is at the highest level, and another 

on the lower, complicated processing is observed. Thus, it will be 

more favorable to exclude X4 and X3 factors from calculation of the 

equation of regression, thus to enter restrictions on these factors for 

further researches: the distance from a joint of channels of the tool 

before narrowing has to be less than thickness of preparation (X4), 

a corner between an initial axis of preparation, and an axis 

connecting the centers of rolls (a corner of a joint of channels) has 

to be less than 60 ° (X3). 

After carrying out mathematical processing of the received results, calculation of dispersion of experiment, 

calculation of coefficients of regression, check of their statistical importance and model check on adequacy, 

the following equation of regression is received (1): 

σ i=288.2+10.2х1+9.9х2+7.5х5         (1) 

The greatest influence on the value of effective stress at realization of this device, is rendered by the size of 

narrowing of preparation at deformation. Thus, the size of diameter of rolls, in relation to preparation 

thickness has also essential value. The relation of speed of rotation of the top roll to the lower has smaller 

impact. Positive value of all coefficients of model speaks about positive influence of increase in all listed 

factors on value of stress effective. Influence of factors can be estimated according to the chart presented in 

Fig. 3. 

Fig. 3 Relative force of influence of factors on effective stress. 

 

Values of hydrostatic pressure and the maximum main stress are given in Fig. 3. From the data provided in 

Fig. 4 it is visible that tensile stress occurs on the external radius of the specimen and compressive stress 

occurs on the internal radius. 

Fig. 2 The model of device for 

angular deformation  
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a)     б) 

Fig. 4 Distribution of hydrostatic pressure and the maximum main stress on specimen section 

Besides the considered factors, friction coefficient is an essential parameter in realization of new technology 

of producing long specimens with the help of severe plastic deformation. The value of the friction coefficient 

influences all deformation processes, in particular metal drawing by rolls. For determination of influence of 

friction coefficient computer simulation in the DEFORM 3D program was used. Process simulation with a 

variation of friction coefficient from 0.1 to 0.5 was carried out. The analysis of the results obtained showed 

that at friction coefficients 0.1 - 0.2 metal slipping occurred which resulted in instability of the process. 

Increase in friction coefficient to values 0.4 - 0.5 caused inhomogeneity of distribution of stress on the 

contact surfaces and promoted cracking of the specimen. The coefficient of friction equal to 0.3 was chosen 

as the most suitable. Such a value is sufficient for drawing of the specimen by the rolls, does not damage the 

specimen and excludes its slipping during deformation. Analysis of influence of width of the specimen on its 

broadening was carried out as well. It was found out that the relation width/thickness equal 5 - 6 is the most 

favorable. At such ratio the metal flow in the direction of width of the deformed specimen is minimal and it 

can be neglected. 

CONCLUSIONS 

During the research the following main results were received: 

 Possibility of realization of severe plastic deformation in industrial conditions is estimated. 

 A new technology providing receiving of high-quality materials with severe plastic deformation in 

industrial conditions is developed. 

 A mathematical model of influence of process parameters on effective stress developed in the 

specimen during deformation is received. 

 Influence of technology factors on the process is investigated and their optimum combinations are 

found out. 
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Abstract   

The present work, deals with grain refinement of medium carbon steel AISI 1045 (0,45 % C having different 

initial ferrite-pearlite microstructure resulted from thermal and thermomechanical (TM) treatment. The 

purpose of steel TM teatment was to refine ferrite phase and modify pearlite lamellae structure. The final 

grain refinement of steel structure was then accomplished during warm Equal Channel Angular Pressing 

(ECAP) deformation at 400 °C. Employment of this processing route, in dependence of the applied effective 

strain εef, resulted in extensive deformation of ferrite grains and cementite lamellae fragmentation. Applying 

higher shear stress the mixed structure of subgrains and ultrafine grains was formed within ferrite grains, 

regardless the initial steel modification. In pearlite grains modification of cementite lamellae due to shearing, 

bending, twisting and breaking was found efficient. Processes of dynamic polygonization and recrysallization 

in deformed structure also contributed to formation of intensively deformed structure. Comparing the results 

course lamellae cementite spheroidization was then more efficient in prior TM treated steel. The tensile 

deformation results confirmed the strength the strength increase, deformation behaviour and strain 

hardening generally for different initial structural conditions of steel, showed diversity across deformed bars.   

Keywords: Carbon steel, solutioning, TM treatment, microstructure, SPD, ECAP, properties.  

1. INTRODUCTION 

Microstructural refinement of steels is usually achieved by alloying or by thermomechanical treatment, due to 

modification the phase transformation process. Recently, advancement of severe plastic deformation (SPD) 

techniques provides another efficient access for grain refinement in metals and alloys and has attracted a 

great deal of attention over the past two decades because of the materials enhanced properties1. 

The severe plastic deformation (SPD) technology of metallic materials is capable of producing ultrafine 

grained (UFG) structures with submicrometer or manometer grain size 2. Since ECAP and subsequently the 

others deformation technologies were introduced to refine structure of bulk metallic materials. 

Majority of early investigations were focused on pure Al and Cu or their alloys. Continuously significant 

interest has shifted to the use of ECAP in processing of UFG low carbon steels 3,4. This interest has been 

motivated in part by the fact that UFG low carbon steels can be used in many applications as structural 

materials, and in particular by ECAP capability to improve the strength of these steels without a need to 

change their chemical composition5. It was observed that the ultimate tensile strength (UTS) increased with 

increased straining. On the other hand, the number of research works as to SPD of commercial medium 

carbon steels is still limited because SPD processing is relatively difficult in steels with higher flow stress6. To 

clarify the evolution of the deformation microstructures in medium carbon steels subjected to an effective 

strain εef of 4 and higher, the warm or hot ECAP is recommended, to provide the deformation required for 

the onset of dynamic recrystallization under larger strain7. 

 In the present study the effect of initial structure modification of ferrite-pearlite microstructure of AISI 1045 

steel (0.45 wt % C) due to solutioning and TM treatment is described. Subsequently the effect of initial 

structure modification in steel was correlated with development of ultrafine grain microstructure in condition 
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of severe plastic deformation (ECAP) at increased temperature. Finally resulting microstructure development 

was related with deformation behaviour and mechanical properties of deformed steel. 

2. EXPERIMENTAL PROCEDURE 

To study an influence of initial structure characteristics of steel on formation of ultrafine grain structure in 

condition of severe plastic deformation in medium carbon steels, different initial steel structural states were 

prepared applying thermal and/or thermomechanical treatment. The experimental material for this study was 

commercial medium carbon steel grade AISI 1045, (Fe-0.45 %C-0.23 Si-0.63 Mn-0.18 Cr-0.43 Al).  

The mixture of ferrite and pearlite phases resulting from soaking treatment at 960 °C for 1h and air cooling is 

presented in Fig. 1a. Pearlite grains with size of ~ 50 μm are lining by the finer ferrite grains (~10 μm in size). 

In order to achieve, prior ECAP deformation, 

preliminary refined ferrite and pearlite 

structure, the TM processing 900 - 700 °C with 

aim to refine the coarse ferrite - pearlite 

structure. The resulting microstructure in the 

centre of deformed specimen is shown in Fig. 

1b. The average grain size in deformed peg 

was in range of 5 μm. 

For ECAP deformation experimental the prior 

soaked and TM treated cylindrical bars of 9 

mm in diameter and 50 mm in length were 

machined. The warm ECAP pressing at 400°C 

was performed and billets were subjected to N 

= 4, 5 and 6 passes respectively. The ECAP 

channels had a round shape and the angle of 

channels intersection was of φ = 120°, 

angle yielding for each pass an effective strain εef = 0,67. For ECAP experimental the route Bc was chosen. 

The heating of bars prior pressing was done inside pre-heated ECAP die until samples reached the pressing 

temperature of 400 °C. The microstructural examination of thermally treated samples was carried out by 

scanning electron microscopy (SEM) and development of deformed microstructure in ECAP deformed bars 

by transmission electron microscopy (TEM). Thin foils for TEM observation were sliced normal to the 

longitudinal axis of ECAPed billets. 

Uniaxial tensile tests at room temperature were conducted using an Instron 5882 testing machine. Tensile 

specimens with gauge length of l0 = 20 mm were tested at a constant crosshead displacement of 0,016 mm/s 

until failure. From received tensile data the engineering stress-strain curves were constructed for both initial 

structural states of steel.  

3.  EXPERIMENTAL RESULTS AND DISCUSSION  

3.1  Initial steel microstructure characteristics   

It is generally known, that medium carbon steel when thermally treated in annealing condition consists of 

ferrite and lamellae pearlite constituents. Deformation behaviour and properties of carbon steel then 

depends on morphology and volume fraction of phases present in steel. In this work two different 

procedures, specifically solutioning and/or thermomechanical treatment of steel, were carried out with aim to 

prepare different initial ferrite-pearlite microstructure characteristics in steel, as regards morphology and 

distribution of ferrite and pearlite constituents. Subsequently, the effect of structure modification was verified 

  

a) 

5 μm   2.5 μm 

μm 

b) 

Fig. 1 Initial ferrite - pearlite structure of steel resulting from 

solutioning (a) and TM treatment (b). states) 
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with regard to ultrafine grain formation in condition of severe plastic deformation (ECAP) and deformation 

behaviour of steel. 

The steel microstructure resulting from solutioning treatment at 900 °C and air cooling was the mixture of 

lamellae pearlite and equiaxed ferrite grains. The average size of pearlite grains is about of 50 μm. The per- 

lite grains are lined by fine ferrite grains, Fig. 1a. The volume fraction of pearlite in structure is ~80 vol.%. 

The mean linear intercept size of larger and smaller ferrite grains is ~ 2 and ~ 5 μm respectively.  

In order to modify the coarse initial steel ferrite-pearlite structure the TM treatment of steel bars was 

conducted and resulting structure is shown in Fig. 1b. Two different morphologies of ferrite grains were 

present in microstructure. The first, consisting of fine equiaxed grains, which resulted from the transformation 

of deformed austenite, and the second, the elongated grains of already transformed ferrite, which was 

deformed passing intercritical α+γ region. These ferrite grains were larger with size of about 5 μm. In the 

central part of deformed specimens, the pearlite grains were comparable to that of ferrite grains and their 

distribution was uniform. Towards the specimens edge the size of pearlite colonies increased and 

microstructure heterogeneity, as regards pearlite grains size and its distribution, was increased.  

3.2  Initial steel microstructure characteristics  

Initial microstructure of steel prior ECAP processing was modified applying solution treatment at 900 °C for 

1h and air cooling. Thermally treated steel bars were then deformed in ECAP die. Performing ECAP 

pressing the individual steel bars were then experienced N= 4, 5 and 6 passes through the die. Finishing 

ECAP deformation the corresponding effective strain in dependence of number of passes was εef = 2.7, 3.4 

and 4 respectively for individual samples. The microstructural characteristics of deformed ferrite and pearlite 

structure, experienced N= 4 and 6 ECAP passes are presented in Fig. 2. Performing N= 4 passes (εef- 2.7) 

the resulting deformed structure was found heterogeneous and diverse along deformed bar. The equiaxed 

ferrite grains, 

resulting from 

solution  treat- 

ment, were fo-  

und only partly 

deformed. The 

cementite la- 

mellae were 

curved, bowed 

and only sligh- 

tly distorted, 

preserving la- 

mellar morp- 

hology. Ferrite grains resulting from solution treatment, were found only partly deformed. The cementite 

lamellae were curved, bowed and only slightly distorted, preserving lamellar morphology, as shown in  

Fig. 2a. Executing N = 6 passes the ferrite and pearlite grains were substantially stretched in shear direction, 

as shown in Fig. 2b confirms. More effective straining caused to larger extent lamellae pearlite breakage, 

however locally in some pearlite grains the modified lamellae morphology was still preserved. 

The effect of straining on deformed microstructure formation was also investigated using TEM of thin foils on 

the plane parallel with billet longitudinal axis. The deformed substructures of ferrite and pearlite, experienced 

different straining performing N= 4, 5 and 6 passes are presented in Fig. 3. Formation of ultrafine grain 

structure in initially coarse ferrite and pearlite grains was only of low efficiency when experienced the lower 

effective strain (εef = 2.7, N= 4). Dense dislocation network and subgrain structure were preferentially formed 

within ferrite grains, Fig. 3a. The cementite lamellae morphology was predominant and in majority of grains 

Fig. 2 Ferrite-pearlite structure of solutioned (a) and TM treated (b) steel 
 

b) 

  5 µm 
 

a) 

5 µm 
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preserved. The lamellar pearlite morphology and crushed cementite lamellae were also found in case when 

a larger effective straining was applied (εef = 3.4, N= 5). Due to higher level of straining in former deformed 

ferrite grains the new grains of submicron sizes appeared sporadically, Fig. 5. Fine grains of submicron size 

in deformed ferrite grains together with shear bands in cementite lamellae areas were found more frequently 

as strain was increased to εef = 4, which corresponds to execution of N= 6 passes, Fig. 3c. As records show 

in pearlite grains the shear bands deforming cementite lamellae were found locally as well. 

3.3 Prior steel TM treatment and ECAP processing  

In order to refined initial ferrite-pearlite structure in medium 

carbon steel a preliminary structure refinement was carried 

out applying thermomechanical processing. It was then 

expected, that by execution of TM processing of steel prior 

ECAP deformation and by support of spontaneous recry- 

stalization at higher RX temperature will result in more 

effective refining of austenite and then subsequently to 

refine ferrite and pearlite structure in time of ECAP 

deformation process. When executing TM multiaxial step 

pressing of steel bars prior ECAP, it caused in advance 

ferrite grains refinement and pearlite (cementite lamellae) 

morphology modification. Applying repetitive pressing 

deformation also influenced due to temperature gradient and 

strain distribution heterogeneity across deformed peg, the 

ferrite grain size heterogeneity and cementite lamellae 

morphology modification (lamellae fractioning). It was then 

expected, that development and formation of ultrafine grain 

structure when ECAP processed will be than subsequently 

modified, to some extent, due to preliminary initial structure 

modification resulting from prior TM steel treatment. As 

structure results showed, formation of ultrafine grain 

structure was preferential in former ferrite grains and critical 

factor for structure refinement was level of applied effective 

strain εef. Only small contribution from prior microstructure 

modification due to TM treatment execution was observed, 

as concerned ferrite grains refinement and pearlite lamellar 

morphology modification. The deformed microstructure, 

which resulted from different ECAP straining of steel, 

rellated to different number of passes through die channel 

(N= 4 and N= 6 passes) is presented in Fig. 4 a, b. The 

microstructure changes resulted from prior TM treatment 

applied prior ECAP provided only small contribution as to 

structure modification, especially lamellar pearlite 

morphology modification and also on strengthening effect 

and deformation behaviour of the experimental steel. 

In order to characterize the deformed microstructure of steel 

resulting from different ECAP straining at 400 °C in details. 

The TEM micrographs are presented in Fig. 5. Conducted ECAP deformation with channel angle of 120° the 

deformed microstructure was found heterogeneous across the deformed billets, regardless the strain 

applied, corresponding to N4 and N6 passes. The areas of severe deformation, where cementite fragmenta- 

Fig. 3 a,b,c. TEM ECAP deformed 

microstructure of steel experienced different 

straining: a) N4; b) N5, c) N6. Solutioned 

steel state 

 

 

a) 

 

c) 

200 nm 
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tion and formation of dislocation network in ferrite are evident, were found next to polygonized  

microstructure due to the deformation extended ferrite  grains. Investigating the deformation substructure,  

 

 

 

 

 

 

 

 

 

 

 

  

 

  

also a progress in cementite lamellae spheroidization due to increased temperature of deformation is 

apparent as well. The dislocation substructure in deformed ferrite grains was modified upon effective 

dynamic polygonization process. However, next to this refined grains sites, the low angle boundaries are still 

apparent in ferrite grains. Microcrystalline structure is formed within ferrite grains. As ECAP straining 

increases εef = 4,(N = 6)  the progress in dynamic polygonization proceeded and formation of submicron size 

grains were observed in ferrite and also between fractured residues of cementite lamellae. This observation 

on substructure development indicates that progress in formation of more UF grains is less effective due to  

insufficient straining of specimen resulting from six passes using ECAP die with angle of 120°.  

 

 

 

 

 

 

 

 

 

 

3.4 Mechanical properties of prior solutioned steel 

The mechanical properties of experimental steel, which was subjected to thermal and thermomechanical 

treatment prior SPD were evaluated in condition of tensile deformation and by hardness measurement 

(HV30). The tensile deformation results for initial structure states of steel modify by solutioning and TM 

treatment were carried out at room temperature and they are shown in Fig. 6a. In case of the initial 

solutioning of steel there is a distinctive period of work hardening resulting in quite large elongation to failure. 

In the same figure, the deformation curve corresponding to TM treated steel, which results in grains 

refinement and structure homogenization, shows slight work hardening course and resulted in shorter 

deformation course to failure. The records of deformation behaviour also confirmed that additional TM 

treatment slightly improved the strength of steel, but modified deformation hardening behaviour due to 

 

 

 

Fig. 4 ECAP resulted structure of prior TM treated ferrite-pearlite steel at 400˚C experienced different 

straining: a) N = 4 and b) N = 6 passes 

Fig. 5 TEM of ECAP deformed structurte experienced straining: a) N = 4 and b) N = 6 passes 
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refinement of ferrite grain size and cementite lamellae modification. When to relate structural characteristics 

and resulted mechanical properties of the steel having modified structural states, which resulted from applied 

prior solutioning and then applying additional TM treatment, the hardness values were in good conformity 

with recorded course of deformation behavior of steel. The results  underlined the good agreement with 

change of structural state of steel resulting from the applied thermal and thermomenchanical treatment of 

medium carbon steel.  

  

 

 

 

 

 

 

 

 

 

3.5 Mechanical properties of prior solutioned and ECAP processed steel 

The mechanical properties of experimental steel 

subjected to thermal treatment (soaking) prior severe 

plastic deformation was evaluated by hardness 

measurement (HV30) and by tensile test. Deformation 

behaviour of soaked and ECAP steel specimens is very 

similar for all three initial states of deformed specimens. 

Regardless the different ECAP straining (εef) resulting 

from deformation condition that is only small difference in 

effective stress reaching εef value. The tensile 

deformation results received for all structure states of 

steel exposed to different ECAP straining (N-4,5 and 6 

passes) carried out  at room temperature are shown in 

Fig. 7b. There is, after reaching the yield stress, section 

of slight hardening similar for all three states, which is 

extending slightly as straining is increased. However, on 

the other side the strength values are of the same level 

for  all  specimens,  regardless  the  effective  strain  level  

introduced. This is probably incurred by quite large fraction of pearlite lamellar morphology preserved in 

structure. The contribution of this preserved pearlite lamellae is inexpressive, probably due to its small 

volume fraction when compared with steel structure when compared with structural characteristics resulting 

from TM treated steel.  

3.6 Mechanical properties of prior TM processed and ECAP processed steel 

As concern the deformation behaviour of the medium car bon steel, which was TM processed prior to ECAP, 

the tensile test records are shown in Fig. 8c. For all bars subjected to different strain deformation behaviour 

 

 
  

a)

`] 
b) c) 

 
Fig. 6 Stress - strain curves for steel after soaking 

(NZ) and TM treatment (initial steel structure states) 
Fig. 7 Stress-strain curves for steel ex- perienced 

soaking and ECAP deformation to different strain      
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`] 
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Fig. 8 Stress-strain curves for steel 

experienced TM treatment and ETAP 

deformation to different strain 
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is very similar and after discontinuous yielding (sharp stress drop reaching the yield stress), there is a region 

of "creep-like" deformation behaviour where work hardening period is not appearing on deformation records. 

The section is extended as straining increases. Due to this sharp drop of stress the ultimate tensile strength 

is lower than “upper” yield stress. The sharp drop of plastic behaviour of steel is noticeable different from that 

appearing at deformation behaviour of the low carbon steel, where the effect of aging (carbon atmosphere) 

can modify the process of yielding. However, this phenomenon can be a result of cementite particle 

dissolution in ferrite and carbon atoms saturation in lattice as well. The appearance of flat region on the flat 

on deformation curve can be attributed to a balance of strengthening effect, caused by newly formed and 

increased portion of fine submicron grains and on the other side by formed and increased portion of fine 

submicrocrystalline grains and on the other side by more effective progress of dynamic recovery and 

recrystallization. These processes, as microstructure results confirmed, actually could participate in structure 

transformation process and contributed to steel deformation behaviour. 

CONCLUSIONS 

Microstructure evolution in time of warm ECAP was studied in medium carbon steel AISI 1045: 

 Warm ECAP of coarse initially solutioned structure of experimental steel led to formation of deformed 

microstructure in dependence of the effective shear strain applied. The pearlite lamellae fragmentation 

was nonproductive and resulted in heterogeneous distribution of fractured cementite lamellae. As 

straining increased the more effective transformation of deformed structure to fine subgrained and 

ultrafine grained mixture in initial ferrite grains was successfully realized. 

 Microstructural observation of ECAP processed medium carbon steel subjected to preliminary TM 

treatment did not show a substantial structural changes as regards grain refinement in comparison 

with steel that was subjected to only initial soaking treatment. The grains refining contribution was 

evident as regards the pearlite lamellae modification (breaking, dissolution) and in formation of 

ultrafine grains in large extent in ferrite when applying higher straining of εef = 4. 

 Microstructure analyses results of medium carbon steel preliminary modified by TM treatment and 

subjected to ECAP did not show a substantial structural changes as regards grain refinement in 

comparison with steel that was preliminary treated in soaking condition. The contribution was evident 

as regards the pearlite lamellae modification and formation of ultrafine grains in large extent in 

severely deformed ferrite. Applying higher straining  εef = 4.at increased temperature the polygonized 

submicrocrystalline structure with high angle boundaries was formed in large extent. Formation of UF 

grain polygonized microstructure recovered the plastic deformation ability of steel to some extent. 

However with indistinctive work hardening effect.  
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Abstract 

The instability of the structure is one of the problems standing in the way of widespread use of 

submicrocrystalline (SMC) materials. In pure SMC metals there is a relatively low temperature of 

recrystallization and substantially nonuniform of grain growth at temperatures close to the temperature of 

recrystallization. Rapid grain growth during heating leads to loss of the unique physical and mechanical 

properties of the material. 

In recent years, a large number of works is devoted to the study of the problems influence of modes of ECAP 

and heating conditions on the structure and properties of metallic materials, and a number of interesting 

experimental results are obtained. However, the theoretical models explaining regularities of formation and 

subsequent evolution of the structure of SMC materials by heating and allowing calculate quantitative 

calculations of the parameters of these processes are developed is not enough. 

The purpose of this work was to investigate the influence of preliminary thermal treatment on the structure 

that is formed in copper at ECA-pressing and subsequent heat treatment. 

Microstructure of copper samples subjected ECA -pressing, change under the action simultaneous influence 

of two factors: the preliminary heat treatment and increasing the pressing temperature. Minimum average 

grain size obtained during pressing of alloy M1 is 0.6 microns. This grain size is obtained after quenching at 

700 °C and ECAP at room temperature and 6 cycles of deformation. The use of preliminary quenching 

provides a more fine-grained structure as well for the alloy M1 also to reduce hardness by 15 %, which helps 

to reduce the pressing force on the first pass, from 620 to 510 MPa. 

The use of combined thermomechanical treatment on a "quenching at 700 °C - ECAP low-tempered at 200 

°C " for the alloy M1 allows significantly improving the characteristics of copper and increases the resistance 

emergence and spread of cracks. 

Keywords: microstructure, ECA-pressing, copper, heat treatment 

1. INTRODUCTION 

One of the problems standing in the way of widespread use submicrocrystalline (SMC) materials the 

instability of the structure is. In pure SMC metals there is a relatively low recrystallization temperature [1-2] 

and a significant heterogeneity of the grain growth at temperatures close to the temperature of crystallization. 

Rapid grain growth during heating leads to loss of the unique physical and mechanical properties of the 

material. 

In recent years number of works was devoted to the study of the problems influence of modes ECAP and 

heating conditions on the structure and properties of metallic materials and a number of interesting 

experimental results was received. However, the theoretical models explaining the regularities of formation 

and subsequent evolution of the structure of SMC materials by heating and allowing for quantitative 

calculations of the parameters of these processes are still insufficiently developed. 

mailto:kgiu@mail.ru
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The purpose of this work was to research the influence of preliminary heat treatment on the structure that is 

formed in copper at ECA-pressing and subsequent heat treatment. This work was made during research at 

the scientific theme “Getting high-quality materials combining heat treatment and intensive plastic 

deformation” of program “Deep processing of raw materials and products - Technology of making new 

materials”. 

2. EQUAL CHANNEL ANGULAR PRESSING 

2.1 Experimental part 

The material of the study was a technical copper of grade M1 (99.90 % Cu). Before ECA-pressing samples 

were subjected to preliminary heat treatment: annealing, hardening and normalization by the standard mode. 

Samples of square section 151570 mm were subjected ECA-pressing in the die with an angle of  junction 

channels 125° on the route Вс with tilting the workpiece by 90° around the longitudinal axis [3]. 

Three types of experiments were carried out in three different modes: 

 - Mode 1 - pressing temperature 25 °C, 6 cycles; 

 - Mode 2 - pressing temperature 90 °C, 6 cycles; 

 - Mode 3 - pressing temperature 180 °C, 6 cycles. 

As the number of passes in ECA-pressing resource of plasticity is lost and further deformation, and the use 

of the metal in the industry is not possible because its destruction occurs. In order to increase resource of 

plasticity the metal should be subjected to heat treatment. As is known, the heating above temperature the 

onset of recrystallization leads to a strong grain growth and to a sharp fall of the strength of copper, so it is 

necessary to determine the temperature of the onset of recrystallization. Calculated the approximate 

temperature of the onset of recrystallization on accepted formulas [4] a laboratory experiment was 

conducted. Samples after ECAP were cut into thin plates with thickness of 5 mm and were heated at 

temperatures in the range 100 - 270 °C with duration of exposure 1 hour. Cooling of the samples is in water. 

 For studying structural changes the samples were cut along and across the direction of the exhaust. 

Metallographic study was carried out on an optical microscope LEICA. 

2.2  Results and discussion 

Consider changing the structure of copper, formed at different modes of preliminary heat treatment and 

pressing temperatures. 
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a - the original structure, b - annealing, c - normalization, d - hardening 

Fig. 1 Microstructure of copper after preliminary heat treatment, x100 

 

 

            

           

a - the original structure, b - annealing, c - normalization, d - hardening 

Fig. 2 The microstructure of copper after 6 cycles of ECA-pressing at a temperature of 25 °C, x100 
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a - the original structure, b - annealing, c - normalization, d - hardening 

Fig. 3 The microstructure of copper after 6 cycles of ECA-pressing at a temperature of 90 °C, x100 

            

            

a - the original structure, b - annealing, c - normalization, d - hardening 

Fig. 4 The microstructure of copper after 6 cycles of ECA-pressing at a temperature of 180 °C, x100 
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Having analyzed the microstructure of the alloy M1 after ECA-pressing at room temperature, it was found 

that the most intensive grain refinement of copper is observed after hardening because by hardening copper 

unlike brass becomes softer.  

Intensive grain refinement is observed after each cycle of deformation. It was also found that the grain 

structure in the cross direction worked out a little more intense, but after the 6 cycles of pressing refinement 

of structure practically uniform in all directions of sample. 

Billet heating temperature increase reduces the pressing force and deformation resistance, but the 

unevenness of the metal flow increases, which increases with the temperature difference between the 

workpiece and the die. This leads to an uneven distribution of deformation resistance along the cross section 

of the workpiece. Cooling of the peripheral layers leads to a more rapid flow the internal layers of the 

workpiece. 

Minimum average grain size obtained during pressing of alloy M1 in equal channel step die is 0.6 microns. 

This grain size is obtained after hardening and ECAP at room temperature and 6 cycles of deformation. 

ECAP leads to a significant increase in strength compared to the baseline. Compared with similar indicators 

large of grain materials in the delivered condition, tensile strength increases almost in 2 times, yield strength 

in 3 times, but it reduces the flexibility of almost 3-4. 

A major shortcoming of most heavily deformed metals and alloys is an almost complete lack of plasticity. 

Observed in this a significant brittleness prevents further plastic forming of metal. For giving to metal plastic 

properties is necessary as they say reduce stress, which is achieved by annealing, age hardening, and 

tempering the metal. In order to pick up the necessary final heat treatment you should know the temperature 

of the onset of recrystallization. 

       

a - T=220 °C, b - T=270 °C 

Fig. 5 Microstructure of copper alloy M1 by heating, x1500 

Analysis of the microstructure of the alloy M1 after heating showed that annealing of copper alloy M1 at 

temperatures of 100-160 °C has a temperature range of recovery characterized by a gradual reduction of the 

dislocation density, the reduction the concentration of excess defects, redistribution of dislocations leads to a 

decrease in the level of microdistortions. 

At the annealing temperature 220 °C the process of primary recrystallization begins, i.e. the formation of new 

recrystallized grains from the deformed matrix of the boundaries in transitional zone (Picture 5a). 

With further increase of the annealing temperature to 270 °C in samples after ECAP secondary 

recrystallization fulminants, which coincides with the observations of S.S. Gorelik [5] for small grains (d ≤ 

microns) the value of the driving force of secondary recrystallization is of the same order as the magnitude of 

the driving force of the primary recrystallization. The structure presented at picture 5b has polyhedral 

structure typical of all pure metals, with the presence of twins. 
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To confirm the metallographic studies the mechanical testing were conducted to determine Vickers hardness 

results, which are presented in Table 1. 

Table 1 Results of the determination Vickers microhardness of alloy M1, after recrystallization annealing 

The annealing temperature, 0С Initial 100 160 220 270 

Hardness, НV 857 849 832 816 705 

Based on the data for temperature of the onset recrystallization temperature after which experiencing an 

absolute decrease of microhardness by 111 units (15 %) was adopted, which coincides with the appearance 

of new recrystalline grains (Picture 5a). From the resulting temperature of the onset of recrystallization after 

hardening and ECAP low tempering on the water conducted at a temperature of 200 °C, removing internal 

stresses. 

CONCLUSION 

Microstructure of copper samples subjected ECA-pressing, change under the simultaneous influence of two 

factors: the preliminary heat treatment and increasing the pressing temperature. Minimum average grain size 

obtained during pressing of alloy M1 is 0.6 microns. This grain size is obtained after hardening at 700 °C and 

ECAP at room temperature and 6 cycles of deformation. The use of preliminary hardening allows getting 

more fine-grained structure and for the alloy M1 also reducing hardness by 15 %, which helps to reduce the 

pressing force on the first pass, with 620 to 510 MPa. 

The use of combined thermomechanical treatment on a "hardening at 700 °C -ECAP low tempering at      

200 °C " for the alloy M1 allows to improve the characteristics of copper and increases the resistance 

emergence and spread of cracks. 
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ANALYSIS OF SURFACE DEFECTS OF “DENT” AND “PIN-HOLE” TYPES FORMATION 

PROCESS DURING COLD ROLLING  

Abdrahman NAIZABEKOV, Vitaliy TALMAZAN, Almas YERZHANOV  

Karaganda State Industrial University, Temirtau, Republic of Kazakhstan, kgiu@mail.ru  

Abstract 

Intensive development of production demands from sheet-rolling production of release of the thin high-quality 

leaf intended for manufacturing of various details and the equipment. Sheets besides optimum structure and 

demanded mechanical properties, should possess high quality of a surface. 

Improvement of quality of steel products is one of the main objectives of modern rolling production, and also 

takes a special place in research-and-production activity of the industrial enterprises. 

In the field of mechanical engineering requirements to quality of a surface of a leaf, in this regard providing 

faultless production constantly raise, and also research of process of a defectform and a formchange of 

defects of a surface remains an actual task. 

Timely detection of superficial defects excludes marriage hit on the subsequent operations, and also allows 

to define in due time possibility of formation of marriage, its reason and in due time to take measures for 

prevention of formation of defect. Researches in this direction is very actual. 

Results of researches are given in this work about possibility of improvement of quality of a surface of a cold 

rolling strip at the expense of increase of a burnishing of superficial defects of the «dent» and «pin-hole» 

types by means of the computer. 

Keywords: cold rolling, surface defect, finite-element method, the rolling mill, relative depth of flaw, net 

reduction, coefficient of friction, case-hardening, regression a sample piece, a reference grid. 

1.  INTRODUCTION 

Existence of strip surface defects is one of the main reasons for rejection and downgrading of rolled products 

in cold rolling shops. Practically surface defects in most cases can arise during metal transportation, in the 

course of rolling at violation of technological modes, and also at failure of working elements of rolling 

equipment. 

2. MAIN TEXT 

2.1 Methodological bases 

In this regard an actual problem is studying and development of ways and methods for prevention and 

elimination of defects on the strip surface. One of ways of studying of surface defects shape changing 

mechanism is the use of the mathematical modeling based on a method of finite elements. 

On the basis of mathematical modeling of strips cold rolling process with surface defects there is 

comparative analysis of defects of “dent” and “pin-hole” types is carried out in this work. 

There was process of volume surface defects shape formation of “dent” and “pin-hole” types at cold rolling of 

strips at continuous five-stand mill 1700 simulated. For the purpose of calculations accuracy increase and in 
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accordance with product mix of 1700 mill the small area (50×100mm) of ductile metal strip with thickness of 

4.5 mm was simulated. Defects were put on a strip surface in the form of deepening. 

Material of work rolls was accepted as continuous, incompressible with the diameter of 600mm. strip material 

- 08kp steel. On the strip there were six surface defects of cylindrical and conic shapes (Fig. 1) with various 

initial relative depth δ0/h0 simulated. 

 
 

а) b) 

а) defect with the cylindrical shape of “dent” type; b) defect with the conical shape of “pin-hole” type; h0 - strip 
thickness, mm; δ0 - defect depth, mm. 

Fig. 1 Cross-sectional profile of the strip with surface defects 

2.2  Experimental part 

These works [1-4] testify that practically there are surface defects with relative depth of δ0/h0 = 0.37. For the 

purpose of research area expansion it was decided to increase the limit relative depth of surface defects 

approximately by 13 %. Thus, relative initial depths of defects varied within 10-50 % from the strip thickness. 

Simulation was spent at constant speed of rolling. During researches widening of strips with defects was not 

considered. For the purpose of calculations time reduction there was optimum coordinate grid (100 thousand 

elements) set on the strip. Researches were spent at minimum (f =0.03) and medium (f =0.07) friction factors 

of cold rolling. Results of surface defects shape change with various initial relative depth δ0/h0, rolled with 

different total reduction εΣ and at different friction factors f are given in Tables 1 and 2. 

Table 1 Surface defects of “dent” type shape changing 

Initial relative depth 
of defect δ0/h0 

Initial shape of the 
defect 

Fiction factor 

f = 0.03 f = 0.07 

1 2 3 4 

0.1 

 

εΣ = 19.18 % 

 

Defect is rolled 

εΣ = 35.11 % 

Defect is rolled Defect is rolled 

0.3 

 

εΣ = 19,18 % 

  

εΣ = 35.11 % 
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Continuation of Table 1 

1 2 3 4 

  

εΣ = 45.56 % 

  

0.5 

 

εΣ = 19.18 % 

  

εΣ = 35.11 % 

  

εΣ = 45.56 % 

 
 

Table 2 Surface defects of “pin-hole” type shape changing 

Initial relative depth 
of defect δ0/h0 

Initial shape of the 
defect 

Fiction factor 

f = 0.03 f = 0.07 

1 2 3 4 

0.1 

 

εΣ = 19.18 % 

 

Defect is rolled 

εΣ = 35.11 % 

Defect is rolled Defect is rolled 

0.23 

 

εΣ = 19.18 % 

  

εΣ = 35.11 % 

  

εΣ = 45.56 % 

Defect is rolled Defect is rolled 
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Continuation of Table 2 

1 2 3 4 

0.44 

 

εΣ = 19.18 % 

 

 

 

εΣ = 35.11 % 

 

 

 

εΣ = 45.56 % 

 

 

 

During the simulation there was stressed state of inner defects internal parts. In the place of defects there 
were points at planes and in lattice points, as shown at Fig. 2. 

 

  

a) b) 

а) defect with the cylindrical shape of “dent” type; b) defect with the conical shape of “pin-hole” type; 

Fig. 2 Scheme of stress tracking in defects 
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2.3  Results and discussion 

Then there was tracking of stressed state in given points (Fig. 3). 

  

а) б) 

а) defect with the cylindrical shape of “dent” type; b) defect with the conical shape of “pin-hole” type 

Fig. 3 Stressed state in points at planes and in lattice points of defects 

The analysis of the received data on surface defect of “dent” type shows that points located on the plane of 

cross-section (point 3 at Fig. 2а), are exposed to the greatest stress in comparison with points in lattice 

points of planes and on the bottom surface (points 2 and 1 accordingly at Fig. 2а). Quite big difference of 

stress in points 3 and 1 (615MPa - 444MPa at Fig. 3а), equal to 171MPa is explained by presence of double 

concentrator of stress that is caused by the geometrical structure of cylindrical shape defects. 

After the consideration of results on surface defect of “pin-hole” type points located on the plane of cross-

section (point 2 at Fig. 2b) are exposed to the greatest stress in comparison with points in lattice points of 

planes (point 1 at Fig. 2b). quite big difference of stress in points 2 and 1 (614MPa - 491MPa at Fig. 3b), 

equal to 123MPa is explained by presence of unique concentrator of stress that is caused by the geometrical 

structure of conical shape defects. 

According to simulation correlation-regression analysis produced models reflecting the character of 

technological parameters influence on rolling of surface defects (1 - defect of “dent” type, 2 - defect of “pin-

hole” type): 

35.085.0002.0  fe
h

d
,         (1) 

27.04.0003.0  fe
h

d
,         (2) 

Achieved results are evidencing the positive role of external friction and relative reduction in the process of 

superficial defects relative depth elimination in the process of rolling. External friction forces are making the 
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stress active, thereby increase defect shape changing. With the increase of friction forces the process of 

defect bottom part “buckling” amplifies. 

CONCLUSION 

By means of finite elements method there was conducted mathematical simulation of strip cold rolling 

process with surface defects of “dent” type and “pin-hole”. Stressed state in the zone of defect depending on 

the form of cross-section profile for surface defect was analyzed. Models of defect relative depth 

dependence on parameters of rolling were received. 
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MINI-THIXOFORMING OF TOOL STEEL X210CR12 

Hedvika MIŠTEROVÁ, Andrea RONEŠOVÁ, Štěpán JENÍČEK 
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Abstract 

Forming in the thixotropic state is one of the alternative forming methods, which allows producing semi-

products with relatively complicated shape. The process is based on semi-product forming in the region 

between solid and liquid, where the material exhibits the thixotropic behaviour. Among the advantages of this 

technology belongs the possibility to produce components with complicated shape in one step and to utilize 

lower forming forces. On the other hand, high forming temperatures and the narrow forming temperature 

interval can be considered as disadvantages.  

A die was designed for this technology and practical testing was carried out using a range of forming 

strengths and temperatures. The shape of the hollow was varied to find out fluidity. Steel workpieces of 

various shapes several millimetres in size were created using this technology. The tool steel X210Cr12 was 

used for the development of an alternative forming process. The structures were observed using light and 

laser confocal microscopy.  

Keywords: semi-solid state, thixoforming, X210Cr12 

1. INTRODUCTION 

The first experiments with forming metals in a semi-solid state date back to 1972. Alloys of tin and lead were 

used at temperatures between solid and liquid [1]. The resulting structures were so unusual that they 

immediately became the centre of attention for many research teams who started to investigate the hidden 

potential of this technique. Since then thixoforming is generally referred to as ‘semi solid metal forming’ 

(SSM). Thixoforming combines the advantages of casting and forming and allows the manufacture of 

complex shaped components [2].  

The essence of the process is the formation of a semi-product which, after heating to melting temperature, is 

partially in a liquid form and partially in a solid form. The proportion of the melt is usually between 10 - 40 % 

[2]. The semi-product then exhibits thixotropic behaviour, which means it has high viscosity which rapidly 

falls when subjected to shear stress. When left at rest, the material re-acquires its high viscosity which 

asymptotically resembles its original value [3]. This technology gives rise to very unusual structures even 

with conventional materials. For example, high-alloyed steels whose structure after working in a semi-solid 

state is composed predominantly of globular or spheroid polyhedral particles of metastable austenite 

enclosed in a lamellar network [4]. 

2. MINI-THIXOFORMING  

A new as yet unpublished method for manufacturing small components in the semi-solid state is ‘mini-

thixoforming’. Mini-thixoforming differs from conventional thixoforming in that it is necessary to develop new 

approaches for managing the temperature fields in the small volume of the material - this means a range of 

volumes up to one cubic centimetre. Minimum temperature deviations must be ensured throughout the 

heating process to obtain even distribution of temperature throughout the entire volume of the semi-product. 

Another advantage of mini-thixoforming is the very rapid solidification from the semi-liquid state after 

deformation. This means that unconventional structures can be obtained even with commonly used industrial 
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materials, which have an interesting combination of not only mechanical but physical properties. These are 

multi-phase structures which are a result of, among other things, uneven distribution of chemical elements in 

the liquid and solid phases.  

3. EXPERIMENTAL PROGRAMME 

The aim of the experimental programme was to describe the influence of die cavity parameters on the quality 

of product after mini-thixoforming and to find out the optimal cross section of input to the cavity for the best 

fluidity of semi-molten materials.  

Metallographic sections through the resulting products were analysed using optical and scanning electron 

microscopes. Hardness was measured in multiple locations of the products.  Volume fractions of 

microstructure components were identified using X-ray diffraction analysis in a diffractometer with Co-Kα 

source. 

3.1 Die for Mini-thixoforming 

A titanium die was designed for the mini-thixoforming process (Fig. 1). The die was built into the 

thermomechanical simulator (Fig. 1). Titanium offers a good combination of ultimate strength, ductility and 

has a more favourable mass than steel. It also has excellent corrosion resistance in strongly oxidising 

conditions. A very important requirement is that the die should be non-magnetic, as heating is carried out 

using resistance-induction heating. 

For ease of manipulation of the tool and semi-products, the die is composed of four parts which ensure 

problem-free disassembly of the die and it means there is no need for lubricant. A special principle for 

forming is lateral compression of the heated material into the forming cavity (Fig. 1). 

The temperature of the semi-product is continually monitored using a thermocouple. The thermocouple is 

attached to the semi-product by a corundum tube which also prevents the metal from flowing into the 

channel during forming.  

a)         b)     

Fig. 1 a) Titanium die for mini-thixoforming, b) Die built into the machine 

3.2 Properties of the used materials  

X210Cr12 tool steel was selected for the experiment (Table 1). It has a wide temperature interval between 

the solid and liquid state which means that it is suitable for working in a semi-solid state. This material is also 

characterized by the fact that it is difficult to form and machine using conventional methods because its high 
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chromium content makes the material very hard and relatively brittle. The initial structure is formed of a ferrite 

matrix with globular cementite and primary chrome carbides (Fig. 2).  

The liquid volume fraction in relation to the heating temperature was calculated in the JMatPro program. The 

suitable heating temperature was determined to fall into the temperature interval from 1290 to 1330°C. 

Heating within this temperature interval leads to obtaining 40-60 % of the liquid phase in the material. 

According to computations the liquid phase formation begins at the temperature of about 1225°C. But from 

the previous experiment it was found that the right heating temperature is only 1265°C [5, 6, 7]. This 

difference between the calculated and real heating temperature was caused probably by the fast heating 

rate. 

The semi-product for mini-thixoforming with a cylindrical dimension of 42 mm in length and 6 mm in diameter 

had blunt cone ends to allow clamping between copper electrodes. 

Table 1 Chemical composition of X210Cr12 steel 

Element C Cr Mn Si Ni P S 

Content 

[%] 
2.01 11.3 0.27 0.23 0.08 0.014 <0.001 

 
Fig. 2 Initial structure of X210Cr12 steel 

3.3 Technological aspects of mini-thixoforming 

The rapid solidification during thixoforming allows unconventional structures to be obtained even using 

conventional materials. From a technological point of view however, it is best that the material is kept at the 

highest possible temperature throughout the deformation process so as to achieve the required filling of the 

cavity. Due to the need of high temperature there is a risk of overheating the die resulting in slow cooling of 

the material. This means that it is essential to accelerate the whole thixoforming process to avoid this 

undesired effect.  

A simple flat cavity (width 5 mm, length 15 mm and thickness 3 mm) was designed for the first experiment. 

The cavity served to determine the key forming parameters; speed of deformation and forming force. If the 

parameters are not confined to precise limits, either the cavity will be incompletely filled or it will be entirely 

empty. After the parameters for the cavity were optimized, the cavity was completely filled (Fig. 3a). The 

optimum forming temperature for this material was 1265°, speed of deformation 1m/s and maximum force 

7kN. The next step was to reduce the diameter of the cavity inlet opening and extend it. The width of the 
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cavity inlet was reduced to 1.5mm and extended to 20mm, whilst maintaining a cavity width of 5mm and the 

optimized forming parameters. The surface quality in the first two thirds is exceptional, but in the final third 

there are some imperfections in the filling (Fig. 3b) which, because they were not observed with the smaller 

cavity volume, are probably caused by the limited volume of the metal melt. 

 

Fig. 3 a) Demonstrator with short, perfectly filled cavity 

b) Example of imperfectly filled flat cavity 

After the experiments with straight cavities, variously shaped demonstrators were designed to test the ability 

of filling the cavity through a tapered inlet opening. The modular construction of the die not only allowed 

changes to the shape of the cavity but also the lining of the die and changes not only the shape but also the 

inlet opening. It was shown that, given enough volume of melted material, it is possible to perfectly fill the 

cavity (Fig 4). The cross section of the inlet opening was 5 x 3, 3 x 3, 3 x 1.5 mm and the forming 

parameters were kept from the simple flat cavity for the whole of the following experiment. 

Further experiments were designed with a view to the miniaturization of the resulting product. The input with 

cross section 2.5 mm x 2 mm conically tapering to 1.5 mm x 2 mm was filled practically with no remaining 

unfilled space (Fig. 4), and further reduction to 0.8 mm x 5 mm resulted in only slight leakage up to 6 mm. 

 

Fig. 4 Completely filled cavities with tapered inlet opening 

4. METALLOGRAPHIC ANALYSIS  

After mini-thixoforming, because of the high heating temperature and very rapid cooling, the structure of the 

semi-product was formed of polyhedral grains of austenite bordered by a fine network formed of a mixture of 

ledeburitic carbides and austenite (Fig. 5). An x-ray diffraction phase analysis showed that the fraction of 

austenite in structure was 96 %. The mean size of austenite grains, 12 - 14 µm, is considerably smaller than 

that of conventionally thixoformed materials. The hardness of the microstructure reached 332 HV10. The 

micro-hardness measurement was used to estimate the hardness of individual components. It was found 
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that the micro-hardness of austenite grains varies from 320 to 400 HV0.05 and approx. 550 HV0.05 for the 

carbide network.  

The structure of the resulting semi-product was homogenous. Only near the contact surface with the die, 

a thin layer formed of fine dendrites developed due to the melt segregation and rapid solidification. 

              

Fig. 5 Structure of X210Cr12 steel after mini-thixoforming 

Chemical analysis using EDX was carried out on a scanning electron microscope (Fig. 6, Table 2). The aim 

was to describe the distribution of the alloying elements in the structural components. The results showed 

that the polyhedral austenitic grains contain less chromium compared to the ledeburitic-austenite network.  

Table 2 Results of chemical composition [wt%] 

Spectrum Si [%] Cr [%] Fe [%] Ni [%] 

Spectrum 1 0.18 8.14 87.32 0.32 

Spectrum 2   8.60 86.97 0.20 

Spectrum 3 0.22 8.36 86.81 0.29 

Spectrum 4 0.18 22.82 59.79 0.01 

Spectrum 5   22.92 64.27   

          

Max. 0.22 22.82 87.32 0.32 

Min. 0.18 22.92 59.79 0.01 

 

5. CONCLUSIONS 

The experiments showed that forming X210Cr12 steel in the semi-solid state can be used to manufacture 

even very small components of various shapes. Mini-thixoforming was carried out in a die cavity and the 

shapes of the resulting demonstrators varied. From the results it is clear that the ability of the material to fill 

the entire volume of the die cavity is excellent when there is enough metal melt and adequate inlet opening 

thickness provided. At thicknesses less than 1 mm the fluidity of the metal using this technology is 

significantly lower. Unconventional otherwise typical thixoforming microstructures were obtained as a result 

Fig. 6 Chemical analysis of the structure after  

mini thixoforming 
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of the combination of rapid solidification and suitable chemical composition of steel. The microstructure was 

composed of polyhedral metastable austenitic grains surrounded by ledeburite network. Austenite fraction 

was over 95 % and the hardness reached 332 HV10. 
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Abstract  

Continuous extrusion of metals using Conform™ machine is a well-known process which has been used in 

industry for several decades as a technique for extrusion of soft metals (Al, Cu) and their alloys. New 

developments in continuous extrusion of metals include its use for high-strength materials and a utilization of 

its beneficial side effect, which is the microstructure refinement. This work describes a DEFORM-3D FEM 

model and experimental continuous processing of titanium rods. The model traces temperature and strain 

fields which are then compared to experimental data obtained from continuous extrusion of titanium. The 

temperature of the wheel, the temperature of the input titanium feedstock and the circumferential speed of 

the wheel have substantial impact on the entire forming process. 

Keywords: finite element method, continuous extrusion, titanium, SPD, Conform™, Deform 

1. INTRODUCTION 

It has been found that forming in Conform™ equipment increases the strength of and refines grain in 

titanium feedstock. Materials processed in this fashion become ever more common in implantology thanks to 

their enhanced mechanical properties and equal biocompatibility. The side effect of the processing, i.e. grain 

refinement, is reported by some sources [1], [2] to improve the biocompatibility of the material even further. 

Continuous extrusion of titanium using the Conform™ process poses new requirements for the entire 

technology in contrast to the processing of standard soft materials (aluminium and copper alloys). The die 

materials are required to sustain multiple times higher mechanical stress at higher temperature. The 

standard Conform 315i equipment by BWE [3], which is used for 

the experimental production, comprises a die chamber with a 

material reservoir pocket. The design was modified to reduce 

the size of the reservoir pocket, this making the process closer 

to the ECAP procedure. Forming takes place at a reduced 

temperature, at which the titanium feedstock does not 

recrystallize [4]. 

Titanium feedstock TiGr2 is driven into the wheel groove and is 

carried by the wheel for several seconds. Once it reaches the 

die chamber and hits the abutment, it undergoes shear 

deformation. Intensive heat transfer takes place between the 

titanium workpiece and the wheel (see Fig. 1). 

The present paper describes the use of DEFORM 3D software [5] for FEM modelling of the Conform process 

in experimental production of fine-grained titanium. 

 

 

Fig. 1 CONFORM process description 
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2. SIMULATION MODEL 

The model of the process is shown in Fig. 2. Thanks to its plane 

symmetry, only one half of the equipment and feedstock were could be 

used for computation. The resulting strain-temperature field variation 

with time was analysed mathematically. At each iteration step, strain 

was computed, which was corrected with respect to temperature, until 

both strain and temperature fields changed. 

In the deformation zone, titanium was considered to be plastic, whereas 

the other parts of the model were deemed rigid. The friction between the 

wheel and titanium plays a significant role in the mathematical model. 

Shear and Coulomb types of friction were tested in the model. The best 

results were achieved using Coulomb friction with  and a 

constant value with the compression separation criterion. The temperature fields have only been examined 

within the titanium feedstock. The temperature of the wheel in the model was set to a constant value 143.7 

°C. The heat transfer coefficient between the titanium feedstock and the wheel was α = 1000 W/(m2K). The 

impact of the environment was neglected due to the rate of temperature changes. About 80 000 elements 

were created within the titanium feedstock. The chamber die and its surroundings were fine meshed. For 

more information of the FEM model see [6]. Temperature-dependent materials characteristics of TiGr2 were 

obtained by calculation in JMatPro on the basis of the material’s chemical composition [7]. 

 

Fig. 3 Effective strain field within the workpiece 

 

Fig. 4 Temperature field within the workpiece 

 

Fig. 5 Effective strain rate field within the workpiece 

 

Fig. 6 Total velocity field within the workpiece 

The strain distribution within the titanium feedstock exiting the chamber die is uniform throughout, with equal 

values both on the section plane and on the surface (Fig. 3). The temperature field (Fig. 4) shows that heat 

is generated during forming. The strain rate distribution (Fig. 5) clearly shows that shear deformation of 

Fig. 2 FEM model of the Conform 

process 
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titanium takes place in the chamber die. The velocity field (Fig. 6) reveals that the velocity changes in the 

chamber die. It decreases locally due to an increase in the cross section area. 

An important outcome of FEM simulation is the dependence of the highest temperature within the formed 

piece during forming on the feedstock input temperature and on the speed of the wheel. By this simulation, 

forming parameters were found, at which the temperature in the die chamber does not exceed 450°C. (see 

[4]). 

3. EXPERIMENTAL PRODUCTION 

The die chamber of the Conform 315i equipment by the BWE company (see Fig. 7) includes a reservoir 

pocket for workpiece material. Design modification (see Fig. 8) was used to reduce its capacity. The 

modification made the velocity profile more uniform and increased the proportion of shear strain within the 

die chamber. 

 

 

 

 

Fig. 7 Original cross section of the die chamber with the pocket Fig. 8 Adapted die chamber 

Experimental production is started after the forming process starts up and the temperatures of the wheel and 

the chamber die become stable. The forming parameters (input feedstock material, rotation speed) are set in 

accordance with results of FEM simulation for the maximum permitted forming temperature. In this fashion, 

the titanium feedstock can be processed repeatedly. Fig. 9 shows the process of feeding the stock into the 

equipment through the pre-heating inductor coil. At the back, a temperature measuring device and a camera 

can be seen. Fig. 10 shows the exit from the die chamber with thermocouples for measuring the die 

chamber and abutment temperatures.  

 

 

 

 

 

 

Fig. 9 Entry of titanium feedstock    Fig. 10 Exit of titanium feedstock 
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4. EXPERIMENTAL RESULTS 

 

Fig. 11 Initial state - average grain size 28μm  

 

Fig. 12 The third pass - average grain size 0,75μm 

The first pass through the die chamber substantially changes the feedstock microstructure (see Fig. 11). 

Upon the second and third passes, the proportion of coarse distorted grains decreases in favour of the fine-

grained matrix. Grain sizes of the fine titanium matrix upon the first, second and third pass are approximately 

2.5 μm, 1 μm and 0.75 μm, respectively (see Fig. 12). 

 

Fig. 13 Stress-strain plot for TiGr2 material (initial condition and third pass) 

The strength of the titanium product increases with the number of passes: from the as-received material 

strength of 470 MPa to 550 MPa upon the first pass, 660 MPa upon the second and 715 MPa after third 

pass. Elongation decreases from the value of 28 % in the as-received material to 15 %. 

CONCLUSION 

The aim of this investigation was to describe experimental production of fine-grained titanium denoted as 

TiGr2 and the FEM simulation of the forming process. The FEM model was constructed using DEFORM 3D 

software and validated against experimental data. The FEM model allows the conditions within the die 

chamber to be predicted. With this information, appropriate forming parameters may be identified (pre-
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heating temperature and wheel speed), at which the forming temperature remains below the recrystallization 

temperature. 

Experiments were conducted in standard Conform 315i machine manufactured by the company BWE. 

However, the machine’s die chamber was adapted in order to increase the proportion of shear deformation 

during forming. Selected forming parameters, namely input temperature and die chamber and abutment 

temperatures, were monitored. Titanium feedstock was processed using three passes. The average grain 

size in the material decreased from the initial 28 μm to 0.75 μm, whereas the strength rose from 470 MPa to 

714 MPa. Additional passes were not evaluated, as cracks developed in the feedstock surface. Their size 

and number increased with every additional pass. 

Future development will be oriented towards two efforts. The first will involve further optimisation of the FEM 

model, namely the relationship between the strain magnitude, number of passes and grain size, whereas the 

second will focus on optimisation of the die chamber shape in order to suppress formation of surface cracks. 
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Abstract 

The experiments were a response of deficient wire quality (diameter and ovality) and high standard dies 

consumption. The experiments were carried out direct in practice at the steel wires drawing of  2.10 mm 

with a carbon content 0.85  0.87 % C and with using borax as surface treatment of wire rod. The 

hydrodynamic lubrication was used at the wire drawing on straight line continuous drawing machine by 

reason of increase of production effectiveness, wire quality improvement and defective products decrease. 

The geometric parameters of drawn wire were found: keeping of diameter tolerance and ovality tolerance 

and also surface roughness. At the same time consumption dies and dies wear were followed during which 

time the dies wear was expressed by dependency of surface roughness of drawing wire on the drawing time. 

This prediction was confirmed by the repeated experiment. Moreover it was found out that dies consumption 

was decreased 4.5 times against consumption of standard dies when hydrodynamic lubrication was used. At 

the same time the specified values of diameter tolerance, ovality and improved wire surface quality were 

achieved. 

Keywords: surface roughness, dies consumption, hydrodynamic lubrication, straight-line drawing machine, 

wire drawing 

1. INTRODUCTION 

There are many factors in drawing process through dies which affect mechanical properties of drawn wire, 

drawing force, die lifetime and efficiency of production process. One of possibility of drawing force 

decreasing is friction and decreasing of frictional forces, which can sometimes achieve values up to 50 % 

from total drawing force. Principle of wire in a drawing die cone is demonstrated in a Fig. 1. [1, 2] The 

drawing force „F“ evokes in a contact area a pressure „q“ between die and wire. The pressure conjunction 

„q“, friction factor „“ and contact area is the frictional force. The fundamental condition for decreasing of 

drawing force is decreasing of friction factor „“ between wire surface and die. The ideal frictional conditions 

occur at the liquid friction when die and wire are each other separated by coherent coat of lubricant. 

 

Fig. 1 Pressure and friction on interface of wire-die [1, 4] 
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The pressure must be created in alone lubricant that the lubricant coat was not destroyed and it resisted high 

pressure which rises at the forming process. This one can be created by forced or natural lubricant inlet. The 

contribution deals with the natural lubricant inlet (the lubricant is pulled into the die by the wire). There are 

many versions of pressure systems in the world which consists of pressure pipe and drawing die or pressure 

die and drawing die eventually special constructed casings which just put in pressure and drawing nibs. 

Multistage dies are also known which have more pressure rooms as one [1, 2, 3, 4, 5, 6].In our case at the 

experiment it was used pressure system according to Fig. 2. It is concerned the pressure system which is 

consisted of two dies from which one is drawing (working) die position 2 and 5 a second one is pressure die 

position 3 and 4 (main function of pressure die is that the lubricant could be pulled into the pressure room 

and partially this one close that the lubricant could not come back). It was used standard drawing die as 

pressure die. Both dies are in the casing fixed. The main principle of high pressure creating is continuously 

lubricant pulling into the room between two dies (pressure and drawing - position 2 and 3, Fig. 2). Narrow 

gap between incoming wire and socket in the pressure die does not allow the lubricant come back from this 

room, eventually does not limit back motion of lubricant. 

 
Fig. 2 Scheme of pressure system- pressure and drawing die [2, 7] 

1 - cooper washer, 2 - drawing (working) die, 3 - pressure die, 4, 5 - casing, 

6, 7 - connection matrix, 8 - sealing, 9 - die holder 

It is very important for each pressure system, some conditions were satisfied: 

1. exhaustive sealing-in between pressure and drawing part, 

2. choice of such the drawing conditions (drawing speed, reduction and cooling that did not occur to 

degradation (sintering) of lubricant, 

3. pressure part in output must be slightly more than input part of drawing part. 

2. EXPERIMENTAL GOAL 

Target of experiment was to verify direct in the production: 

1. consumption and dies lifetime at the system which was consisted of pressure and drawing die and to 

compare against dies consumption and lifetime at the standard drawing dies, 

2. at the selected wire compare mechanical properties of drawn wires which were drawn on pressure 

and drawing dies, 
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3. at the drawn wires follow up besides dies consumption and dies lifetime also sequential change of 

surface roughness, 

4. on the basis of drawn wire roughness to define criteria for life time of dies. 

3. EXPERIMENT DESCRIPTION 

Our experiment was focused on a verifying of dies consumption and dies lifetime at the drawing of high 

carbon wires of 2.10 mm with a carbon content C 0.85 %. One of main requirements for the drawing of such 

wire was a drawing speed, defined by v = 8 m·s-1 at the keeping of size and surface quality. The drawing 

process was performed on straight-line drawing machine which constructionally allowed the drawing at this 

drawing speed and with such carbon content. At the beginning the drawing of this wire type was executed in 

single drawing dies directly from a wire rod with using of eight passes. The trouble with quality began to 

occur at the drawing with using of required speed 8 m·s-1. Each second or the third spool with a drawn wire 

had the badges of enhanced ovality, excessive diameter tolerance, shiny surface eventually damaged wire 

surface (see Fig. 3) which caused trouble at the following patenting in a lead bath. This effect can occur in 

following causes if: 

 too high drawing speed is and wire surface do not pull into working part of die sufficient lubricant 

quantity and then do not separated each other wire surface from die surface, 

 the die cooling or capstan cooling is not sufficient and then wire surface temperature is such high that 

it occurs gradually lubricant sintering in the working part of die, 

 too high reduction is. 

During drawing process the operators had too often to decrease drawing speed on 6 m·s-1 that they could 

achieve a required size accuracy and untimely had not to change the worn dies. Therefore besides quality 

issues the there was also downtime problem in consequence of often changes of worn dies and also loss of 

production capacity. On the basis of these facts it appeared the requirement to improve the drawing process 

of above-mentioned wire type, to decrease downtime and dies consumption and also to improve quality of 

drawn wire and total dies lifetime. One of the possible ways within improvement of drawing process was 

experimental to prove a pressure dies at the drawing of this wire type and so to fulfil the above-mentioned 

goals. The drawing process was being curried out globally on eight passes with total reduction 85.42 %. The 

average reduction from all passes was 21.3 %. 

At the experiments we had to make certain compromise. The pressure dies were not used for all passes. 

Main reason was we did not keep at disposition the fastening casings for pressure dies. We kept at 

disposition only three fixing casings of pressure dies for this experiment. A decision on pressure dies location 

fell for first pass, pass before last one and last pass. Reason was that the first pass can be more beneficial 

for sufficient lubricant coat on wire surface a last two dies can influence drawn wire quality too, with respect 

to size, geometric form and surface aspect. The others dies, which were used in machine and were located 

in the middle of die set, were only standard drawing dies. It was chosen so-called soft mode for pressure 

dies which means that a play between wire surface and surface of pressure die was in range from 0.575 to 

0.25 mm. 

4. RESULTS AND EXPERIMENT EVALUATION 

It was observed before this experiment the surface change will occur also if the change of wire diameter 

comes. The wire surface was begun to follow on the optical microscope and to compare by these wires 

which had acceptable (dark surface) surface quality and diameter which did not extend any specified 

tolerances and had no signs of ovality against wires which had size, geometric properties (ovality) but also 

not acceptable surface aspect. We found at the microscopic observation that the wires with so-called shiny 
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surface (see Fig. 3) which were separated in the production had considerably grooved surface against wires 

with acceptable diameter, geometric and surface properties. 

 

Fig. 3 Wire of ø 2.10 mm, 0.85 wt. % C with shiny surface (with grooves and with worn surface) 

At this experiment we began to follow besides dies consumption and lifetime also surface change of wire 

(wire surface roughness change - Ra) depending on count of drawn spools at the pressure lubrication. The 

samples from drawn spools (with serial number 1, 9 and 25) were taken for roughness measurement on 

which was curried out mentioned measurement (see Fig. 4) 

 

Fig. 4 Surface part of drawn wire with diameter of ø 2.10 mm [3] 

(a - from spool No. 1; b - from spool No. 9; c - from spool No. 25) Magnification 1000 times 

Within roughness measurement the wire surface from each spool was divided in some parts so that covered 

a considerable surface part (about 50  75 %). The value Ra was evaluated at the observation [8]. For 

measurement of values Ra was used besides optical equipment (microscope and camera) also special 

software for definition and evaluation of roughness value Ra. The wire surface was measured at the 

magnification 1000 times. The average values of roughness from all three spools can be seen in next table. 

Table 1 Course of roughness from evaluated samples 

Surface roughness of wire Ra [µm] 
Spool No. 1 Spool No. 9 Spool No. 25 

0.67 0.29 0.42 

During this experiment twenty seven spools with good quality and with total weight 22000 kg were drawn at 

the drawing speed 8 m·s-1. It can be seen also from Table 1 where surface roughness and surface aspect 

were still very good after twenty fifth of spool when diameter tolerance and ovality were held. The troubles 

occurred at the drawing of twenty eighth (last) spools when the valve was not open at the checking of die 

cooling what it was a main reason that the last spool was produced with exceeded diameter. The event 
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caused shiny (wearing) wire surface and overrun wire diameter tolerance. The drawn wire had to be 

separated from good production and the damaged dies had to be changed and replaced for new dies. As 

can be seen from the Table 1 the roughness value of wire surface was worse in the beginning than at the 

drawing of ninth and also the twenty fifth of spool. It can be explained so that the new dies were not still 

sufficiently furbished. 

The results from measured roughness were consequently analysed. On the basis of serial number of drawn 

spool the time flow was created and the measured roughness from each spool was assigned to the time 

flow. The obtained points were recovered by a curve, which can be described through polynomial of fourth 

degree. The final result is the obtained dependency of the roughness on the time of drawing. On the basis of 

this dependency can be predicted dies wear for the existing conditionals of drawing. The roughness value of 

1 µm was defined as upper tolerance limit. It was found the moment when drawn spool achieves the defined 

level of tolerance for these drawing conditionals. 

 

Fig. 5 Dependency of wire roughness on the drawing time 

It was decided this experiment once again to repeat in next order with same quantity immediately and to 

verify our prediction of dies wear.  

We used the same strain-line drawing machine and new pressure dies were built in the machine exactly 

same as in previous case and entire experiment was repeated at the order with same volume. At this 

experiment no problems occurred and twenty eighth of quality spools were drawn with total weight about 

23000 kg. Within the experiment it was practically processed 46 tons of wire. Before realization of this 

experiment 2 - 3 dies were changed (most often last one) it means after every second spool (2 x 815 kg). It 

follows that the consumption of standard dies at the drawing of this wire type was 122.7 pcs per 100 tons of 

production. During our experiment it was changed last 3 dies (3 pressure dies + 3 drawing dies) a 22 tons 

wire was produced. It follows the dies consumption was 27.2 pcs per 100 tons of production included 

pressure and drawing dies what is 4.5 times less. In the matter of dies lifetime to their rejection so before the 

dies lifetime for previous drawing conditions was about 2.08 hours of the uninterrupted drawing. At the 

experiment with pressure dies the dies lifetime to their rejection was achieved 28 hours of uninterrupted 

drawing, what it is 14 times more than at the using of drawing dies. 
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5. CONCLUSION 

In the contribution the experiment results are evaluated which was focused on the following and comparison 

pressure and drawing dies. Before the experiment it was predicted that if the pressure dies are used the 

drawing process will be improved, dies consumption will be lower and downtimes will be eliminated in 

consequence of sporadic replacement of worn dies. It was predicted through mathematical analyses that 

using of pressure dies can be drawn the whole volume of order without dies change. Our prediction 

sustained fully. At the experiment the measurement method for surface roughness was used and wire 

surface was appreciated on the basis of measurable values and not only on the basis of subjective 

appreciation. The some published data from literature was confirmed e.g. the tensile strength will be lower by 

the using of pressure dies and plastic properties of drawn material will be higher again wires which was 

drawn with using of standard dies. In general can be said that dies consumption is decreased by using of 

pressure dies and the lifetime of dies is increased against standard dies. At our experiment the dies 

consumption decreased more than 4.5 times and dies lifetime increased more than 14 times. On the basis of 

achieved results we could real predict that if the pressure dies are used on all passes and dies cooling and 

capstans cooling are ensured then this change in drawing process can bring considerable savings and to 

support the production effectiveness. 

We try to demonstrate merits of pressure dies using and pressure lubrication at the high carbon wire 

production through our contribution which was exclusively produced for special rope applications dedicated 

for mining industry [9, 10]. 
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Abstract  

At conventional lubrication during wire drawing it is possible to expect the value of the friction coefficient 

between 0.05 and 0.13. However, according to some authors it is possible to achieve under conditions of 

hydrodynamic lubrication (for example with use of compressive dies) a friction coefficient μ = 0.0005, it 

means hundred times lower. Such values already allow us to consider such technological parameters, which 

would lead at higher friction coefficients to unacceptably large total forces, or to wire breakage. We focus in 

this paper on the FEM analysis of drawing with small deformation angles of the die and large partial 

deformations. We will focus on normal cone die. The first part presents a simulation of drawing with use of 

small deformation angles, for friction value μ = 0.0005. We analyse the influence of the die geometry on the 

overall drawing force and the inhomogeneity of deformation intensity over the cross section of wire at single 

pass drawing.  

Keywords: wire drawing, spring wire, FEM, friction coefficient, Shear strain, drawing power 

1. INTRODUCTION 

Steel wires with a carbon content ranging from 0.55 to 0.9 wt.% are intended mainly for the manufacture of 

ropes and cords for tire reinforcements. Due to the fact that these wires are in a rope or in a cord exposed to 

alternating tension, compression and torsion, they must have in addition to the high tensile strength, 

drawability and abrasion resistance also high fatigue strength. Although the wire drawing is considered to 

belong to the simpler forming technologies, the state of deformation in the working part of the die is 

complicated by the presence of shear stress. This is a consequence of friction and disadvantageous flow of 

metal near the surface of the wire, when the trajectory of the material point on the wire surface on the input 

and output plane of the deformation zone is twice expressively wrapped. In these places we can observe as 

a result of this phenomenon the areas of the maximum strain rate intensity, which surround the area of 

difficult deformation [1]. The shear stress in the vicinity of the surface causes an inhomogeneity of 

deformation intensity over the cross-section of wire, and thus also the differences in the material 

strengthening, in its structure and texture. At the same time it influences the presence of internal stress and 

the quality of the wire surface. 

Numerous theoretical and practical researches [2-10] were devoted to the exploration of the influence of 

technological parameters of drawing on the inhomogeneity of deformation. It is evident also from our 

previous works [1, 11, 12] that it is possible to achieve a significant improvement of the homogeneity of the 

deformation intensity in the drawn wire by an increase of partial reductions (i.e. by reducing the number of 

passes at otherwise constant total deformation), as well as by the reduction of the deformation angle 

(approach angle) 2α. 

Although the actual magnitude of friction does not influence significantly the inhomogeneity of deformation 

[11], at small angles and large partial deformations it increases the total drawing force above the values of 

the force corresponding to the yield strength of the wire of the given diameter, which ultimately leads to the 

plastic deformation of the wire behind the die instead in it, and subsequently to the formation of the neck and 

to wire breakage. 
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One of the nowadays already commonly used drawing technologies, which dramatically reduce the friction 

coefficient is wire drawing in conditions of hydrodynamic lubrication with use of pressure dies [13]. Majority of 

wire drawing mills uses, however, the pressure dies with ordinary deformation angles (2α = 9 to 12°) and 

with standard partial deformations (Qd = 18 to 25 %). These parameters, however, do not lead to significant 

reduction of shear deformations under the surface of the wire. Some wire drawing mills therefore cease 

using the pressure drawing dies for the whole set reductions and they serve only in the first passes in order 

to ensure sufficient capture of lubricant on the wire. According to the works of Avitzur [14], the friction 

coefficient can drop after achievement of the conditions of hydrodynamic lubrication down even to the values 

μ = 0.0005, which is a hundred times less than at normal drawing. Due to the fact that the force for 

overcoming the friction makes 20 % of the total drawing force (at use of the optimum angle of the die), and 

even up to 60 % of the total drawing force (at use of small angles of the die) [7], it is possible to to perform 

drawing in conditions of hydrodynamic friction with very small deformation angles. 

In this work we will perform a FEM simulation of drawing at conditions of hydrodynamic friction, and we will 

assess the magnitude of shearing strains and total drawing force. 

2. FE ANALYSIS 

FE analysis of wire drawing from the steel C78 (chemical composition is shown in Table 1). Simulation with 

the initial diameter d0 = 5.5 mm was made in the simulation program FormFEM. The simulation was 

performed in 2D as rotationally symmetrical, without consideration of heating of the wire. Finite element 

mesh had in the area corresponding to the steady-state higher density, in order to ensure sufficient accuracy 

of calculation in reasonable computational time. The friction coefficient was μ = 0.0005 and we made for 

comparison also simulations with μ = 0.05. The scope of the analysis is documented in Table 2. At the 

beginning of the drawing, the microstructure of the wire is fully restored. The flow stress during this cold 

forming of steel is given by the equation (1) (the equation is valid for the strain of 0.1 and higher): 

  00875.022724.0 00747.0
exp0069.0exp8.011,1 


 








 T        (1) 

Table 1 Chemical composition of the C78D steel (wt. %) 

C Mn Si P S Cr Ni Cu N 

0.75 -0.80 0.5 - 0.8 0.1 - 0.3 ≤ 0.035 ≤ 0.035 ≤ 0.15 ≤ 0.20 ≤ 0.25 not specified 

Table 2 Parameters of the FE analysis  

μ (-) d1 (mm) el (-) Qd (%) 2α (°) 

0,0005 5.36 0.051 5 2 4 6 8 10 12 14 16 18 20 22 24 26 

5.07 0.163 15 2 4 6 8 10 12 14 16 18 20 22 24 26 

4.76 0.288 25 2 4 6 8 10 12 14 16 18 20 22 24 26 

4.43 0.431 35 2 4 6 8 10 12 14 16 18 20 22 24 26 

0,05 4.76 0.288 25 2 4 6 8 10 12  16     26 

4. ANALYSIS OF RESULTS AND DISCUSSION  

3.1  Total drawing force  

Fig. 1 shows evolution of the recorded total drawing force in time at drawing with the deformation angle 2α = 

12° for all deformations. In the area of stabilised plastic flow it is possible to discern an area, especially for 

smaller deformations, where fine mesh was used. We determined for this area the average value of the total 

drawing force, which we then used for comparison of all simulations (see Fig. 2). 
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Fig. 1 Evolution of total drawing force in time, 2α = 12°, Qd = 5, 15, 25, 35 % 

As it is evident from Fig. 2 the dependence of the total drawing forces on the deformation angle of the die 

does not show the local minimum for the used friction coefficient, as we can observe it at normal drawing 

(see Fig. 3). It means thus that the effect of friction on the total drawing force is in this case negligible. An 

important role is played only by the influence of homogeneous deformation and by the effect of shear 

deformation caused by unfavourable metal flow near the surface of the wire. Fig. 3 provides a comparison of 

the total drawing force according in dependence on the deformation angle for the deformation of 25 % and 

for the friction coefficient μ = 0.0005 (hydrodynamic friction) and μ = 0.05 (dry or mixed friction). We see that 

an increase of the friction coefficient leads to an increase of the total drawing force at use of smaller 

deformation angles. In the case of the angle of 2α = 2° the difference is more than 60 %. 
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Fig. 2 Influence of approach angle and magnitude of 

partial deformation on the total drawing force  

Fig. 3 Influence of deformation angle and friction on 

the total drawing force, Qd = 25 % 

3.2  Shearing strain 

We can see the typical course of real shearing strain in dependence on the distance from the wire centre in 

the diagram in Fig. 4. This diagram shows the values of real shearing strain at drawing with the deformation 

of 25 % and 2α = 26° in all points of the FEM mesh from the area of the stabilised plastic flow. The data can 

be very well fit by the third-degree polynomial. The diagram in Fig. 5 shows then a comparison of the course 
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of real shearing strain in dependence on the distance from the wire centre for 2α = 12° for individual 

deformations. The course is similar for deformations of 15, 25 and 35 %, if we create a ratio of the real 

shearing strain exy and of the real linear strain: 

1

0ln
d

d
el   ,           (2) 

the results for the given deformations would practically not differ (exy/el. would not exceed the value of 0.77). 

The course for the deformation of 5 % is exceptional, when the proportion exy/el = 4.9. For this reason these 

small deformations are not used in practice. Results for all simulations are then summarised in the graph in 

Fig. 6, which shows the dependence of the maximum value of the shearing strain (this value was reached on 

the wire surface or right below it) on the magnitude of the deformation angle and on partial deformation. It is 

evident that from the perspective of homogeneity of the deformation, it is desirable to use the smallest 

possible deformation angles. It is obvious from this graph that use of too small deformations in combination 

with large deformation angle leads to a sharp increase of shearing strain in the surface layers of the wire. 

This fact is documented even better by the diagram in Fig. 7 where we see the dependence of the ratio of 

the maximum shearing strain and real linear deformation exy/el. on the magnitude of the deformation angle 

and on the partial deformation. 
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Fig. 4 Course of real shearing stress in dependence on the distance from the wire centre Qd = 25 % 

and 2α = 26° 
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Fig. 5 Comparison of the course of real shearing strain in dependence on the distance from the wire centre 

for individual deformations (2α = 12°) 
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Fig. 6 Dependence of the maximal value of the shearing strain on the magnitude of the deformation angle 

and on the partial deformation  
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Fig. 7 Dependence of the ration of the maximal value of the shearing strain and real linear deformation on 

the magnitude of the deformation angle and on the partial deformation  

5. CONCLUSIONS 

The results of our FE analysis have unequivocally confirmed that an improvement of the deformation 

homogeneity over the wire cross-section can be ideally achieved by the use of the dies with the smallest 

possible deformation angle. In the case of application of pressure dies, which can ensure conditions of 

hydrodynamic friction, the use of very small deformation angles is desirable also from the viewpoint of the 

total drawing force. Further improvement of the deformation homogeneity over the wire cross-section can be 

achieved by increasing the partial reductions and thus by reducing the number of passes. The reason is that 

under the conditions of hydrodynamic friction in the die with the deformation angle of 2α = 2° the total 

drawing force at the increase of partial reduction of 25 to 35 % increases only by approx. 30 % to approx. 
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5 kN. To this force at the wire diameter of 4.43 mm corresponds the stress of 325 MPa, it means the value, 

which is significantly lower than the yield strength of the rod from the steel C78. This means that no 

deformation of wire will occur behind the die and no wire breakage will take place even at the deformation  

of 35 %. 
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Abstract 

Ti-6Al-4V alloy is used mainly in aircraft industry due to its low density, excellent corrosion/oxidation 

resistance, and attractive combination of mechanical properties. This alloy has relatively low formability, so 

forming parts of complex geometries out of this alloy requires precisely controlled thermomechanical 

processing parameters. In this respect, powder metallurgy methods are very promising, since the processing 

parameters in the case of P/M materials can be controlled more precisely. This work is aimed at the analysis 

of P/M Ti-6Al-4V alloy processing. The samples of Ti-6Al-4V alloy powder compacts, obtained from the 

blended mixtures of elemental powders, were subjected to plastometric tests under various temperature-

strain-strain rate conditions. The microstructures of both Ti-6Al-4V alloy powder compacts and hot deformed 

in compression on Gleeble simulator P/M Ti-6Al-4V alloy samples were analyzed. Moreover, basing on the 

results of plastometric tests, thermomechanical parameters of forging P/M Ti-6Al-4V alloy were determined. 

The investigated alloy was successfully forged in industrial conditions, what was also discussed in this study. 

The investigations showed a significant influence of processing parameters on development of the 

microstructure and mechanical behavior of P/M Ti-6Al-4V alloy. 

Keywords: titanium alloy, powder metallurgy, microstructure, forging 

1. INTRODUCTION 

Ti-6Al-4V alloy is widely used mainly in aircraft industry mostly due to its low density and attractive 

combination of strength, crack resistance and corrosion resistance [1]. The most common processing routes 

for this group of alloys in industrial practice involve extrusion or forging [2]. The mechanical properties of  

Ti-6Al-4V alloy are strongly connected with its microstructure [3, 4]. Many research works were also focused 

on the parameters of thermomechanical processing of this alloy [5-7].  

Producing complex-shape parts from this alloy requires precisely determined parameters of 

thermomechanical treatment due to its relatively low formability. Powder metallurgy methods are very 

promising, because the processing parameters in the case of P/M materials can be controlled more precisely 

[8, 9]. P/M Ti alloys can be classified into two groups based on the processing route: blended elemental and 

prealloy. Blended elemental parts possess the attribute of low cost, but usually their mechanical properties 

are lower than those of cast parts. In contrast, parts obtained from prealloyed powders usually have 

satisfactory properties, while the cost is significantly higher than that of blended elemental parts, reducing 

competitiveness with respect to cost reduction. Therefore, the challenge is to either reduce the cost of 

prealloyed powder parts or increase the performance of blended elemental parts. Based on recent 

developments, the latter may be more promising. This work discusses the influence of processing 

parameters on development of the microstructure and mechanical behavior of P/M Ti-6Al-4V alloy obtained 

from the mixture of elemental powders. 
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2. EXPERIMENTAL RESEARCH 

2.1  Aim and scope of the study 

The aim of this research was to describe the parameters of forming high quality forgings from Ti-6Al-4V alloy 

obtained by powder metallurgy method. The investigations consisted of hot pressing of blended mixtures of 

elemental powders and testing the mechanical behavior of compacts under various strain rate-temperature 

conditions using Gleeble thermomechanical simulator. Basing on the results of these tests, the parameters 

of forging the investigated alloy powder compacts were determined. The correctness of these parameters 

was verified by forging tests in industrial conditions.   

2.2  Material for the investigations 

As a starting material for his study, a mixture of Ti, Al and V powders, giving desired chemical composition of 

Ti-6Al-4V alloy, was used. Fig. 1 shows the starting powder mixture. EDS analysis of the powder mixture 

was also performed using Hitachi TM3000 microscope. The obtained results are shown in Fig. 1B. Table 1 

shows the chemical composition of the investigated alloy, which is typical for the composition of Ti-6Al-4V 

alloy. Small deviations from the chemical composition of standard chemical composition of Ti-6Al-4V alloy 

were due to randomly chosen amount of Ti-6Al-4V alloy powder mixture selected for this investigation.  

A                                                                 B 

  

Fig. 1 Morphology of Ti-6Al-4V alloy powder (A), and the results of EDS chemical analysis of Ti-6Al-4V alloy 

powder (B) 

Table 1 Chemical composition of Ti-6Al-4V alloy powder mixture (ISO 5832/3) 

O V Al Fe H C N Ti 

<0.20 3.5 5.5 <0.30 <0.0015 <0.08 <0.05 balance 

2.3 Forming of compacts 

Fully densified Ti6Al4V powder compacts were manufactured using Thermal Technology Inc. press available 

at AGH University of Science and Technology in Krakow. The compacts of Ti-6Al-4V alloy were formed at 

1200C under 25 MPa pressure and under an argon atmosphere during 3 hours. Fig. 2 shows the compact 

shape after compacting and machining. 
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Fig. 2 Ti-6Al-4V compact; A - after hot pressing, B - after machining 

2.4. Mechanical properties and microstructure of the investigated alloy 

The physical and mechanical properties of the investigated alloy were examined. Plastometric tests were 

performed on Gleeble 3800 thermomechanical simulator. Basing on axisymmetrical compression tests 

results, flow stress curves for the investigated material deformed under various temperature-stress-strain 

rate conditions were obtained. The microstructure of Ti-6Al-4V alloy powder compacts as well as the 

microstructure of hot compressed P/M Ti-6Al-4V alloy samples was also examined. 

Physical and mechanical properties of Ti-6Al-4V alloy powder compacts  

The relative density of the compacts was determined. Brinell and Vickers hardness tests were also 

performed. Moreover, room temperature tensile tests were conducted on the samples machined from the 

investigated alloy powder compacts. The results obtained from the tests are shown in Table 2. This part of 

the research showed, that hot pressing of the mixture of elemental powders is effective way of obtaining P/M 

Ti-6Al-4V alloy. It was also observed, that the mechanical properties of the investigated material were slightly 

higher than these of cast Ti-6Al-4V alloy.  

 

Table 2 Chosen properties of Ti-6Al-4V alloy powder compacts 

density 

g/cm2 

relative density, 

% 

Hardness 

HB 

Hardness 

HV 

R0.2 

MPa 

Rm 

MPa 

E 

GPa 

4.40 99.4 335 339 1013 1029 104.6 

Plastometric tests 

Plastometric tests were performed on Gleeble 3800 thermomechanical simulator available at the Institute for 

Ferrous Metallurgy in Gliwice. Fig. 3 shows schematic representation of the performed compression tests.  
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Fig. 3 Schematic representation of Gleeble compression test 
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The parameters of axisymmetrical compression tests are shown in Table 3. Chosen true stress-true strain 

curves obtained from the performed tests are shown in Fig. 4.  

Table 3 Parameters of plastometric tests 

heating 

rate, C/s 

time of holding before 

compression, s 

Test 

temperature, 

C 

Strain rate, 

s-1 

cooling rate, 

C/s 

2.5 10 800, 900, 950 10, 100 ~10 

The obtained at various thermomechanical conditions flow stress curves can be used in designing the 

technology of P/M Ti-6Al-4V alloy processing as well as boundary conditions for numerical simulations of 

P/M Ti-6Al-4V alloy forming. 
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Fig. 4 True stress - true strain curves obtained from compression tests of P/M Ti-6Al-4V alloy at 900C at 

strain rate of: 10 s-1 (A), and 100 s-1 (B)  

2.5 Microstructures 

The observations of the microstructure of Ti-6Al-4V alloy powder compacts and alloy samples after hot 

compression tests were performed using light microscopy. Fig. 5A shows the microstructure of Ti-6Al-4V 

alloy powder compact and Figs. 5B, C, D show the microstructures of the investigated alloy samples 

machined from the compacts and tested in compression on Gleeble simulator. The microstructure in both 

cases was fine grained and uniform. Moreover, comparing the microstructure of the compacts to the 

microstructure of the samples after compression tests it was noticed, that hot compression tests caused 

disintegration of  phase lamellas located in  phase matrix. The examinations of the microstructures did not 

reveal any porosity in the investigated compacts, what confirms that the obtained material was fully-dense. 
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                               A                                                      B 

   

                               C                                                      D 

   

Fig. 5 Microstructure of P/M Ti-6Al-4V alloy: after hot pressing (A), after Gleeble compression tests (B,C,D) 

conducted at the temperature 800C and strain rate 10 s-1 (B), at the temperature 800C and strain rate  

100 s-1 (C), at the temperature 900 C and strain rate 100 s-1 (D) 

2.6 Tests in industrial conditions  

Elaborated in the present study thermomechanical parameters for processing the investigated P/M Ti-6Al-4V 

alloy were verified by forging tests performed in industrial conditions. Forging trials were performed at GfK 

Forge forging plant in Goleszów. Fig. 6A show a model of gear wheel chosen as a final forging. Cylindrical 

specimens with a height of 30 mm and a diameter of 70 mm were machined from fully-dense Ti-6Al-4V alloy 

powder compacts and used as a starting material for forging. The samples were heated up to 1000 C for  

15 minutes in a gas furnace. Then, the samples were cooled down to 900 C and forged in two stages.  

Fig. 6B shows the obtained forging. A good quality, defect-free forging of P/M Ti-6Al-4V alloy gear wheel 

was obtained.  

                       A                                                                B 

     

Fig. 6 Forging of P/M Ti-6Al-4V alloy gear wheel: A - model, B - real forging.  
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3. SUMMARY 

Basing on the results of this research the following conclusions can be drawn: 

 Ti-6Al-4V alloy can successfully be formed by hot pressing of mixture of elemental powders. 

 Examination of density of the obtained compacts proved, that their relative density equals the standard 

density of Ti-6Al-4V alloy. The applied parameters of hot pressing resulted in full densification of 

powder mixtures, what was also confirmed by the observations of the microstructure of the obtained 

compacts.  

 Tensile tests as well as hardness measurements performed on the samples machined from Ti-6Al-4V 

alloy powder compacts showed, that the mechanical properties of the investigated material are slightly 

higher than these of cast Ti-6Al-4V alloy.  

 Plastometric tests performed on Ti-6Al-4V alloy powder compacts allowed determining true stress-true 

strain curves for the investigated alloy at various temperature-strain-strain rate conditions. These 

results can be used in designing the technology of P/M Ti-6Al-4V alloy processing as well as boundary 

conditions for numerical simulations of P/M Ti-6Al-4V alloy forming. 

 The observations of the microstructure of Ti-6Al-4V alloy powder compacts and alloy samples after hot 

compression tests revealed, that the microstructure in both cases was fine grained and uniform. 

Moreover, comparing the microstructure of the compacts to the microstructure of the samples after 

compression tests it was noticed, that hot compression tests caused disintegration of  phase lamellas 

located in  phase matrix. 

 The forging test in industrial conditions resulted in obtaining good quality gear wheel from P/M Ti-6Al-

4V alloy. 
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Abstract 

At formation of pass rolls at section rolling mills the ability to predict with sufficient precision the ratio of 

elongation and spreading of material at its reduction plays a very important role. Perfect filling of the profile 

gauge depends on it, and thus also resulting dimensional accuracy of cross section of the final rolled 

product. The objective of the works was to determine, how the spreading is influenced by chemical 

composition of steel at otherwise constant conditions of rolling. The research was realised by rolling of 

prismatic samples on the laboratory rolling mill K350, namely on plain rolls at two temperature levels. At first 

it was necessary to optimise dimensions of the samples and adjustment of the rolling gap in such a way, that 

degree of spreading was maximised and measurements of dimensional changes of the samples was more 

precise. The necessary enhancement of engagement ability of the rolls was ensured by bevelling of the 

tapered part of the sample, which thus gained a semi-wedge shape. Samples from three dozens of steels, 

which differed significantly by their chemical composition, were rolled under otherwise identical conditions. 

The measured results led to a formulation of conclusions concerning the influence of rolling temperature and 

particularly of the selected elements on the degree of spreading of steels. 

Keywords: hot longitudinal rolling, spreading of steel, semi-wedge shape samples 

1. INTRODUCTION 

Transverse flow of steel in the rolling gap causes an increase of the width of the rolled material, i.e. its 

spreading. Three types of spreading exist at rolling in dependence on the type of the roll: open, restricted 

and forced. The spreading itself helps to fill the gauges at rolling of the steel sections, but it supports also 

creation of additional tensile stresses and limits thus the formability of steel [1-3]. The course and magnitude 

of spreading is influenced by many factors comprising deformation, strain rate, height of the rolled product 

before and after rolling, the initial width of the rolled product, roll diameter, temperature, chemical 

composition, etc. Spreading of steel is an important characteristic for calculation of the rolling plan. 

When designing the roll passes at the rolling mills for rolling of sections a very important role is played by 

the ability to predict with reasonable accuracy the ratio of elongation and spreading of material at reduction. 

It influences the perfect filling of the gauge and in final result the shape accuracy of the cross section 

of the finished rolled product [4, 5]. 

For determination of spreading the distribution of steel and of other metallic materials it is possible to use 

mathematical modelling in the programs, which use the finite element method [6, 7]. Another option consists 

in simulation of real technological conditions physically on the laboratory rolling mills [8, 9]. The objective of 

the performed experiments was to evaluate the influence of chemical composition and temperature on the 

degree of spreading at hot rolling of various types of low-alloyed steels, which are processed at the rolling 

mills of Třinecké železárny a.s. The laboratory rolling mill K350 was used for this purpose, which is installed 

in the Institute of modelling and control of forming processes at the VSB-TU Ostrava [10]. 

mailto:petr.kawulok@vsb.cz
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2. EXPERIMENT DESCRIPTION 

Altogether 29 different steel grades and qualities were chosen for evaluation of the influence of temperature 

and chemical composition on the degree of spreading. Their approximate chemical composition and 

calculated carbon equivalent Ceq. are documented in Table 1. 

Table 1 Chemical composition of investigated steels 

Steel No. C Mn Si Pmax. Smax. Cu Cr Ceq. 

1 1.05 0.45 0.35 0.020 0.020 0.25 1.60 1.287 

2 0.90 0.70 0.30 0.020 0.025 0.15 0.10 1.010 

3 0.84 0.80 0.30 0.025 0.025 0.10 0.30 0.999 

4 0.85 0.70 0.30 0.020 0.025 0.15 0.10 0.925 

5 0.75 0.60 0.30 0.025 0.025 0.10 0.10 0.830 

6 0.58 0.80 1.50 0.015 0.015 0.25 0.80 0.830 

7 0.45 0.90 0.40 0.025 0.035 - 1.20 0.813 

8 0.60 0.80 1.60 0.015 0.015 0.10 0.80 0.796 

9 0.64 0.70 0.30 0.020 0.025 0.15 0.10 0.716 

10 0.34 0.90 0.15 0.015 0.015 0.25 1.20 0.672 

11 0.20 1.30 0.40 0.025 0.035 - 1.10 0.610 

12 0.24 1.40 0.30 0.020 0.015 0.10 0.55 0.591 

13 0.26 1.40 0.25 0.020 0.015 0.20 0.60 0.587 

14 0.43 0.75 0.25 0.045 0.045 - - 0.577 

15 0.10 1.80 0.70 0.015 0.015 0.15 0.40 0.562 

16 0.39 0.90 0.15 0.015 0.015 0.25 0.35 0.559 

17 0.42 0.80 1.80 0.020 0.020 0.10 0.15 0.517 

18 0.24 1.00 0.15 0.015 0.015 0.25 0.35 0.437 

19 0.20 1.60 0.55 0.030 0.030 0.55 - 0.419 

20 0.24 1.15 0.10 0.020 0.020 - - 0.374 

21 0.15 1.6 1.0 0.020 0.020 0.10 0.10 0.361 

22 0.09 1.55 0.95 0.020 0.020 0.12 0.15 0.328 

23 0.15 1.30 0.10 0.20 0.35 - - 0.288 

24 0.17 0.60 0.10 0.025 0.025 - - 0.242 

25 0.10 0.50 0.15 0.030 0.040 - - 0.159 

26 0.05 0.40 0.10 0.015 0.015 0.10 0.10 0.103 

27 0.05 0.35 0.10 0.015 0.015 0.10 0.10 0.101 

28 0.04 0.35 0.10 0.020 0.020 0.15 - 0.097 

29 0.10 0.20 0.05 0.020 0.020 0.10 0.10 0.042 

At the preparatory phase of the experiment an initial shape of the test samples was optimised with respect to 

achievement of absolutely maximal possible spreading, which should in turn allow for more accurate 

evaluation and comparison between the achieved results. For investigation of spreading the deformation 

temperature of 850 °C and 950 °C were chosen, and therefore relatively high rolling forces were expected.  

The rolling mill K350 in a four-high configuration with diameter of working rolls of 64.5 mm was chosen for 

rolling of the samples. Its reduction capabilities are unfortunately limited and they were therefore first tested 

on prismatic specimens of different cross-sections. For this purpose the samples made of the steel No. 1 

were used (see Table 1), in which one of the highest resistance to deformation was expected. From the 

perspective The chosen rolling stand from the perspective of energy and force parameters has coped even 

with high deformations, but it was necessary to improve the grip conditions by skewing the lead-in parts 

of the samples into a wedge shape. For this reason 4 samples were prepared from each of the studied steels 

with a chamfer of the lead-in part into the wedge shape, which was followed by a prismatic part of the 

sample with a cross-section of 15 x 15 mm, as is can be seen in Fig 1. 
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 a) dimensions of the sample b) photo of the sample 
 Fig. 1 Shape of initial sample  

The prepared samples were first individually measured and they were then rolled at a nominal roll gap 

of 5 mm on smooth steel rolls of the rolling stand K350 at the rate of their rotation of 80 min-1, after the direct 

reheating of material in electric resistance furnaces to the rolling temperature of 850 °C or 950 °C. Always 2 

samples were rolled for each of the investigated steel and selected temperature and the achieved results 

were averaged. The rolled samples were again measured individually and these results were used as input 

data for further mathematical analyses. 

3. MATHEMATICAL PROCESSING OF GAINED DATA AND DISCUSSION OF RESULTS 

Altogether 116 rolled products were rolled and then measured. For each of them the absolute deformation of 

the height h [mm] or of the width b [mm] was afterwards calculated:  

10 hhh   (1) 

01 bbb   (2) 

where h0, b0 [mm] is the height or the width of the prismatic part of the sample prior to rolling, and h1, b1 [mm] 

is the height or the width of the prismatic part of the sample after rolling. The degree of spreading of the 

rolled products from the given steel rolled at the chosen temperature was quantified by the relation b/h [-]: 

)2(1)2(0)1(1)1(0

)2(0)2(1)1(0)1(1

hhhh

bbbb

h

b









 (3) 

where b0(1) and b0(2) [mm] is the width of the 1st or of the 2nd sample from the given steel prior to rolling; b1(1), 

and b1(2) [mm] is the width of the 1st or of the 2nd sample after rolling at analogical temperature of 

deformation; h0(1) and h0(2) [mm] is the height of the 1st or of the 2nd sample (of its prismatic part) from the 

given steel prior to rolling; h1(1) and h1(2) [mm] is the height of the 1st or of the 2nd sample rolled at analogical 

temperature. Table 2 documents the obtained results of spreading of the rolled products. 
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Table 2 Degree of spreading for individual steels and investigated temperatures of deformation  

Steel No. b/h - 950 °C b/h - 850 °C difference [%] 

1 0.702 0.630 -11.50 

2 0.670 0.662 -1.18 

3 0.674 0.651 -3.63 

4 0.669 0.675 0.86 

5 0.707 0.693 -2.04 

6 0.694 0.662 -4.92 

7 0.640 0.640 -0.06 

8 0.692 0.673 -2.73 

9 0.672 0.653 -2.87 

10 0.648 0.636 -1.92 

11 0.643 0.649 0.88 

12 0.645 0.627 -2.93 

13 0.657 0.653 -0.68 

14 0.647 0.662 2.22 

15 0.638 0.670 4.73 

16 0.657 0.627 -4.74 

17 0.689 0.691 0.37 

18 0.635 0.606 -4.82 

19 0.614 0.672 8.67 

20 0.608 0.641 5.25 

21 0.626 0.605 -3.56 

22 0.656 0.706 7.06 

23 0.501 0.592 15.43 

24 0.644 0.667 3.52 

25 0.637 0.774 17.66 

26 0.645 0.638 -1.15 

27 0.703 0.713 1.36 

28 0.595 0.681 12.68 

29 0.628 0.666 5.80 

It follows from the obtained results (see Table 2) that the difference of spreading at both temperatures (when 

the values achieved at 950 °C were chosen as the basis) is in most cases relatively small. The biggest 

differences (exceeding 10 %) were observed in the steels Nos. 28, 25, 23 and 1. At the same time it cannot 

be said that spreading on average increases or decreases with the decreasing temperature - different steels 

behaved in this respect differently. 

Our original plan was to relate mathematically the degree of spreading to the chemical composition of the 

steel via the simply quantified carbon equivalent, but unfortunately it turned out that the spreading is more or 

less dependent on all 17 analysed chemical elements. That's why a regression model was created with use 

of the statistical software UNISTAT 5.6 [G] for each of the investigated temperature level, which was 

constructed as a multiple linear regression in dependence on the contents of individual elements in wt. %: 

 

NbCaBTiV

WMoAlNiCuS

PNCrSiMnCC
h

b










3084.118213.174571.47188.00579.0

0206.171234.02552.00399.01400.05912.0

4313.36931.00192.00312.00120.00561.05143.0950

 
(4) 
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NbCaBTiV

WMoAlNiCuS

PNCrSiMnCC
h

b










3670.446401.123614.104059.10203.0

9135.520745.01556.10648.01165.01154.1

6541.03379.90423.00228.01031.00842.03170.0850

 
(5) 

Each simplification of the regression models (4) and (5) led to significant decrease of their accuracy, which is 

surprising namely in the case of the elements, the contents of which is practically constant (particularly W). 

Table 3 documents the excellent accuracy, with which we were able to describe by the developed 

mathematical models the degree of spreading for all 29 steel for the temperatures of 950 °C and 850 °C - 

relative error of prediction based on these models is not greater than 5 %. 

Table 3 Comparison of experimental and predicted values of the degree of spreading for the temperatures of 

950 °C and 850 °C 

Steel No. 
b/h - 950 °C 
experimental 

b/h - 950 °C 
model (4) 

relative error of 
the model (4) [%]

b/h - 850 °C 
experimental 

b/h - 850 °C 
model (5) 

relative error of 
the model (5) [%]

1 0.702 0.709 -1.0 0.630 0.630 -0.1 

2 0.670 0.677 -1.1 0.662 0.655 1.0 

3 0.674 0.670 0.7 0.651 0.661 -1.6 

4 0.669 0.684 -2.2 0.675 0.669 0.9 

5 0.707 0.684 3.2 0.693 0.681 1.8 

6 0.694 0.696 -0.2 0.662 0.654 1.2 

7 0.640 0.643 -0.4 0.640 0.652 -1.9 

8 0.692 0.695 -0.5 0.673 0.693 -2.9 

9 0.672 0.674 -0.3 0.653 0.664 -1.6 

10 0.648 0.635 2.0 0.636 0.616 3.2 

11 0.643 0.646 -0.5 0.649 0.646 0.4 

12 0.645 0.653 -1.2 0.627 0.637 -1.6 

13 0.657 0.646 1.8 0.653 0.629 3.6 

14 0.647 0.623 3.7 0.662 0.678 -2.5 

15 0.638 0.637 0.1 0.670 0.674 -0.6 

16 0.657 0.648 1.4 0.627 0.631 -0.6 

17 0.689 0.688 0.0 0.691 0.673 2.7 

18 0.635 0.636 -0.2 0.606 0.630 -4.0 

19 0.614 0.621 -1.3 0.672 0.645 4.0 

20 0.608 0.631 -3.8 0.641 0.634 1.2 

21 0.626 0.622 0.6 0.605 0.610 -0.9 

22 0.656 0.654 0.3 0.706 0.717 -1.6 

23 0.501 0.501 0.0 0.592 0.592 0.0 

24 0.644 0.655 -1.7 0.667 0.681 -2.1 

25 0.637 0.646 -1.3 0.774 0.747 3.5 

26 0.645 0.652 -1.2 0.638 0.668 -4.7 

27 0.703 0.672 4.5 0.713 0.701 1.6 

28 0.595 0.625 -5.0 0.681 0.689 -1.1 

29 0.628 0.613 2.4 0.666 0.656 1.5 

It follows from Tables 2 and 3 that at the temperature of 950 °C the highest degree of spreading was 

achieved in the steels Nos. 5, 27 and 1, and on the other hand by far the lowest degree of spreading was 

achieved in the steel No. 23. At the temperature of 850 °C it is possible to observe the maximal degree of 

spreading in the steel No. 25 and the minimal spreading in the steel No. 23. 
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CONCLUSIONS 

Laboratory rolling of specially designed wedge-shaped samples identified and quantified the differences in 

the degree of spreading of 29 different types of low-alloyed steels at the temperatures of 950 °C and 850 °C. 

The difference in spreading at both temperatures was in most cases relatively small. Only in the steels 

Nos. 28, 25, 23 and 1 the difference of the degree of spreading for the investigated temperatures was higher 

than 10 %. It is impossible to state on the basis of the obtained results whether the spreading on average 

increases or decreases with the decreasing temperature. 

With use of the already previously used statistical software UNISTAT 5.6 regression models were developed 

for both deformation temperatures, enabling a very precise prediction of the degree spreading of the 

investigated steels in dependence on their chemical composition. The advantage of the model designed for 

the lower temperature of deformation is its ability to react for selected steels to the change of the phase 

composition. 

The obtained results and models cannot be mechanically applied to the operating conditions of any industrial 

rolling (especially when rolling in roll passes) due to specific geometric parameters of forming, but they 

provide valuable information of comparative type and can be thus very useful especially in at roll pass 

design. 
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Abstract 

Stable functioning and development of many domestic industries require expanding the assortment of wire. 

While to the forefront the problem of increasing the strength properties of the products stands, the solution of 

which is dictated by the constantly increasing demands of consumers. 

Based on complex analysis of the existing schemes of the plastic structure formation, as well as the 

promising areas of their development continuous combined process of "pressing-drawing" using equal-

channel step die proposed which allows receiving wire with sub ultrafine-grained structure, required size and 

shape of the cross section at a small number of cycles of deformation and also removes restrictions on the 

length of the original workpiece, and, consequently, allows to obtain finished products up to several tens of 

meters. 

Just want to note that this method of deformation in implementing it in production does not require significant 

economic investment and can be implemented in industrial plants for the production of wire so that it does 

not require retrofitting of existing drawing machines. Because for the implementation of this combined 

process only the addition to the equipment specially prepared equal-channel step die requires, designed to 

drawing through it material. 

Keywords: wire, ultra fine-grained materials, pressing-drawing, microstructure, mechanical properties 

1. INTRODUCTION 

Currently, the need to long products of high physical-mechanical and performance properties increases. 

These products include wire and rods, from a variety of metals and alloys [1]. 

Despite the progressiveness of used technologies, increasing the strength properties of the wire with using a 

carbon steel grades and patenting cannot be due to a number of technological features. These limitations 

include: reducing the adhesion strength of components; embrittlement of the wire in the process of 

"lightening" during the passage it through alcoholic solution in the hot state, and decrease in economic 

production efficiency due to use of more expensive grades. 

One of the most promising ways of increasing strength and plastic properties of steel is - the formation of 

ultrafine-grained (UFG) structure in the material by deformation methods. However, despite the numerous 

developments, modern methods have a number of significant limitations in the aspect of continuity and 

productivity of technological schemes. 

2. PRESSING - DRAWING 

2.1  Methodological bases 

One of the promising methods for producing long products with sub ultrafine-grain structure is the combined 

method of deformation "pressing-drawing", which was developed at the department "Metal Forming" of 

Karaganda State Industrial University, during of research at the scientific theme “Design and investigation of 

mailto:kgiu@mail.ru
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the joint “extrusion - drawing” deformation process aiming at making aluminium and copper wire having high 

mechanical properties and ultra-fine-grained structure” of program “Deep processing of raw materials and 

products - Technology of making new materials” (Fig. 1) [2]. 

Gist of the suggested deformation process is the following. Previously the pointed end of wire is given in 

equal channel step die, and then successively in the caliber of a draw plate. At its core, the process of metal 

setting does not differ from the setting of wire to draw plate in the standard process of drawing. After the end 

of the workpiece comes from the draw plate it is fixed with exciting clamps and reeled drawing mill. In this 

case, the process of drawing a workpiece through equal channel step die and a caliber draw plate is realized 

by applying to the end of workpiece pulling force. External load is applied to drawing metal, and at the 

contact surface metal - tool contact stresses occur. In contrast to other methods of metal forming, the 

implementation of which cannot be realized without the presence of contact friction forces at drawing on a 

metal tool against the movement of the metal, are negative events of the process, which certainly involves 

the use of technological lubricants, reducing friction. 

 
 

1 - wire, 2 - equal channel step die; 3 - draw plate in holder 4 - winding drum 

Fig. 1 Scheme of combined process of pressing-drawing 

2.2 Experimental part 

In order to determine impact of the 

new continuous process of 

deformation "pressing-drawing" to 

change the mechanical properties of 

steel 3 laboratory experiment was 

conducted on an industrial drawing 

mill B - I/550 M. For this in front of 

draw plate equal channel step die with 

a diameter of channels is 7 mm and 

the angle the joint of channels of die 

equal to 1350 has been fixed (Fig. 2). 

The die was placed in a container for 

lubrication. 

Fig. 2 Equal channel step die 
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Drawing of annealed wire steel 3 is as follows: coil of wire rod from steel 3 was placed on Figs.  from a coil 

holder, the lower end of the workpiece with pointing machine was pointed. The pointed end of the workpiece 

was pushed through equal channel step die and a draw plate set in the holder and its capture refueling 

mites, the hook of which put in one of the grooves on the drum was implemented. After a set on the drum  

5-7 turns of wire, the mill was shut down.  

For the study material of wire was chosen steel 3 with the initial diameter of workpiece 7 mm. After the first 

pass with the use of the process "pressing-drawing" wire diameter amounted to 6.5 mm. All compression 

was carried out only in a draw plate, after workpiece out of equal channel step die wire diameter stayed 

without changes and was 7.0 mm. Further a die with a diameter of channels 6.5 mm was set. After the 

second pass steel wire diameter was 6.0 mm. All compression the same was made only in draw plate. Then 

the die with a diameter of channels 6.0 mm was set. The diameter of the wire after the third pass was  

5.5 mm. 

For comparing different ways of obtaining wire researches were carried out on three different technologies: 

1) a combined process of "pressing-drawing", 2) pressing through equal-channel die, 3) the usual drawing. 

In this case, the process of drawing a workpiece through equal channel step die and a caliber draw plate 

realized through the application by the end of workpiece pulling force. External load is applied to drawing 

metal and at the interface metal - tool contact stresses occur. In this case, after each pass measuring the 

diameter of wire and a selection of samples for research of the mechanical properties of each sample were 

made.  

Pressing process consisted of drawing wire through ECA-die. For this a die with different diameters of 

channels 7.0, 6.5 and 6.0 mm was required. 

Deformation was carried out in three passes, after each pass wire diameter and the sampling team for 

research the mechanical properties of each sample were measured. 

Classical drawing process consists in drawing the wire through the hole in the draw plate. The initial 

diameter of the wire was 7.0 mm. After the first pass of steel wire diameter was 6.5 mm, 6.0 mm after the 

second and after the third 5.5 mm. After each pass three specimens were selected for the study. 

2.2  Results and discussion 

For research of mechanical properties were selected four batches of samples with different processing 

techniques on three samples per batch. In the first batch samples were annealed wire in the original 

condition. In the second batch samples has been processed only in the equal-channel step die. Samples of 

third batch were deformed by traditional technology of drawing. And the samples of the fourth batch were 

deformed by the proposed technology "pressing-drawing." Results of mechanical studies are presented in 

Table 1. 

Table 1 The results of mechanical tests of samples of wire 

The name of processing 

technology 

Ultimate 

strength 

sв, MPa 

Yield strength 

sT, MPa 

Elongation 

δ5, % 

Contraction 

ψ5, % 
Hardness, НВ 

Annealing 380 220 28.0 57.0 126 

Treatment in ECA-die 480 450 1.5 37.0 176 

Classical drawing 560 450 1.,0 50.0 190 

The combined process 

of "pressing-drawing" 
740 700 22.0 4.,0 260 
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From the analysis of the mechanical testing of samples by different technologies can be concluded that the 

most the best mechanical properties wire has been processed by the combined technology of "pressing-

drawing". There is an increase in yield strength and tensile strength, and the hardness while maintaining 

flexibility. 

CONCLUSION 

Based on these studies we can conclude that the proposed combined method of deformation "pressing-

drawing" has a significant advantage compared to previously known methods of producing metal with 

ultrafine-grain structure. This method of deformation by combining two methods: by intensive plastic 

deformation in equal-channel step die and by the process of drawing through a draw plate, allows obtaining 

steel wire with ultrafine-grain structure and high mechanical properties, required sizes and shape of the 

cross section at a small number of cycles of deformation and also removes the restrictions on the length of 

the original workpiece, and therefore allows to obtain finished products lengths up to several tens of meters. 

Just want to note that this method of deformation in implementing it in production does not require significant 

economic investment and can be implemented in industrial plants for the production of wire so that it does 

not require retrofitting of existing drawing machines. Because for the implementation of this combined 

process only the addition to the equipment specially prepared equal-channel step die requires, designed to 

drawing through it material. 
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COMPENSATION OF SPRINGBACK EFFECT IN DESIGNING NEW PRESSING 
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Abstract 

This paper presents the issues related to analyze and avoid springback effect during metal forming process. 

Stamping process simulations were performed using the eta/Dynaform. FEM-based simulations let to better 

understand how to design tools and forming process parameters affect the final quality of components and 

productivity. The mathematical model of pressing process takes into account a springing plate and three 

core tools: punch, die and punch, which are given modifications to compensate the springback effect. Tools 

are rigid elements with the selected kinematic and load conditions. The simulations take into account the 

friction coefficient, which is an important factor in the process of formation. Blank material model should take 

into account large elastic-plastic deformation as well as the effects of plastic anisotropy properties. The 

influence of numerical parameters on the accuracy and efficiency of numerical calculations were determined. 

This allowed to determine the optimal numerical model and gave satisfactorily results accurate with not very 

long calculations time. Determined through simulations tool shape correction allows for improvement in the 

quality of the resulting product. Verification of the numerical calculations were technological tests for sheets 

made of nickel superalloy. Tests were performed on samples of varying degrees of deformation at room 

temperature. The results will be used to build a database of materials. At each stage of deformation were 

determined fields of displacement and changes in the distribution of thickness. 

Keywords: springback, sheets, nickel alloys, tools 

1. INTRODUCTION 

Competition at market, affects the companies to introducing new products and technologies of its producing 

at higher quality. Pressing processes are among others highly demanding. There are a lot of parameters as 

force, friction, lubricants, temperature which can influence at quality of final product. Problem of springback 

effect is also very important for thin sheets used in forming structures with complex surface.  

One of the main methods used to simulate the pressing processes is FEM. It allows specifying the spring 

angle and in addition fields of deformation, stress, local risk of cracks in material [1]. The biggest advantage 

of this approach is that FEM method is cheaper in comparison with method of trial and error. So far, 

traditional designing and manufacturing based on experience of designers, who correlated their earlier 

research with errors during their work. That approach entails high cost. Modern metal forming methods must 

be based on CAD/CAM capabilities. It allows to short time of process, and save the money. Factor affecting 

the quality of the stampings is accuracy of form and dimensions and it is strongly associated with spring of 

material [2]. 

The paper presents the results of springback effect simulation and experiments on samples made of the 

heat-resistant nickel superalloys, INCONEL 625 and INCONEL 718, designed for the manufacturing of 

innovative products. Extremely negative relationship between susceptibility to the springing and the shape of 

the product justifies the need for a new practical knowledge that is necessary in the process of creating the 

desired shape of the product with the required supplies. For materials made of nickel superalloys INCONEL 

625 and INCONEL 718 which are characterized by big springback effect preferably is to firstly simulate 

process, and next perform at industrial conditions [3]. 
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LS-DYNA is widely used software to study analysis, and compensation of springback effect during the metal 

forming processes. Basic parameters are being mostly chosen to give efficient and accurate simulation 

results [4-6]. 

During the simulation, and compensation of springback effect it is recommended using proper material 

model - the same at each stage.  

2. EXPERIMENTAL SETUP 

Samples were prepared as shown in Fig. 1 of sheet made of INCONEL 625 and INCONEL 718, 0,6 mm 

thick. Springback effect was measured by the method of bending at 90° angle, in the specially constructed 

single-angle bending device schematically presented at Fig. 2a. To bending was used universal testing 

machine of the Zwick Company. Spring angle was measured on non-deformed samples, and samples after 

deformation 30, 45 and 60 % by rolling. Investigations were realized in room temperature. 

 
Fig. 1 Sample for bending  

Simulations were realized using eta/DYNAFORM 5.8.1and its solver LS-DYNA. For process of simulation 

was used material model for forming and springback simulation, material model 37, which is mostly used. All 

tools should use shell elements and the rigid material. Set of tools from software is presented at Fig. 2b. 

Analysis of spring angle was made using software GOM Inspect V7.5 SR1. Mechanical properties of sheets 

were obtained during standard technological tests. 

a) b) 

  

Fig. 2 Bending at angle 90° device  

a) real, b) meshed model from preprocessor  
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3.  RESULTS 

Parameters necessary for modeling, characteristic for material model implemented to eta/DYNAFORM are 

presented in Table 1.  

Table 1 Parameters characteristic for material model for INCONEL 718 

Mass density [g/cm3] Young’s Modulus [GPa] Poisson’s Ratio [-] 

8,19 209 0,29 

Lankford Parameter R00 [-] Lankford Parameter R45 [-] Lankford Parameter R90 [-] 

0,69 1,24 2,14 

During technological tests for material INCONEL 625 obtained spring angle 0,678; 14; 22°n case of 

INCONEL 718 - 0,512; 11; 18° with deformation relatively 0, 30, 45 and 60 %. With an increase of 

deformation increase of spring angle was observed. Results indicate a greater risk of changes in the shape 

after deformation for INCONEL 625. Results of measuring spring angle depending on the strips deformation 

of INCONEL 625 and 718 are shown in Fig. 3. 

 
Fig. 3 Spring angle for INCONEL 625 and INCONEL 718 after deformation 

Hardening curves for both materials are presented in Fig. 4. 

a) b) 

  

Fig. 4 Hardening curves achieved in experiments 

a) INCONEL 625, b) INCONEL718 
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Results of spring angle achieved at simulation and in technological test are presented at Fig. 5. 

a) b) 

  

c) d) 

  

Fig. 5 Deformed samples achieved at simulation process in comparison to technological tests 

a) results from simulation (INCONEL 625), b) result from experiment (INCONEL 625) 

c) results from simulation (INCONEL 718), d) result from experiment (INCONEL 718) 

Deviation between angle 90° and sample after springback for INCONEL 625 and INCONEL 718 achieved 

during simulation used eta/DYNAFORM with solver LS-DYNA, module SCP is presented in Fig. 6. 

a) b) 

 
 

Fig. 6 Deviation between angle 90° and sample after springback  

a) sample of INCONEL 625, b) sample of INCONEL 718 
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4.  SUMMARY 

To achieve highest accuracy of modeling it is necessary to provide very accurate data about material, 

boundary conditions and process conditions. Simulations performed on a single processor workstation 

sustained about 14 hours. Were performed simulations for non-deformed samples, an achieved compatibility 

at the level of 90 %.Deviations in shape are similar at both samples. 

It is worth emphasizing, that results from computer simulations and from experiments are compatible for all 

stages of process.  

The next stage will be modeling of processes at deformed samples, according to technological tests, and 

use of tool eta/DYNAFORM with solver LS-DYNA, especially with use module Springback Compensation 

Process. This will be applied to compensate shape of tools at product with complex shape.  
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Abstract  

Applied research and experimental development in forming processes used in metal forming technology of 

seamless tubes in the past took place in the Czech Republic in the workplace VSB-TU Ostrava. The main 

tools of modern research on this issue are conducted mainly in two directions mathematical modeling, which 

also includes the numerical simulation of those processes and physical modeling. Besides the more general 

use of mathematical modeling physical modeling is likely the most appropriate procedure of a complex 

process of cavity formation during axial rolling of seamless tubes for laboratory research and development of 

those processes. The conducted experimental development can proceed to the simplest experiment which is 

a technological test directly on production equipment. This can be carried out but only to a limited extent, 

because the preparation and implementation of such an experiment is reduced production and is associated 

with loss of the line performance. Experimental device enabling deformation of steel billet should meet 

several similarity criteria between the physical model and the actual process. Within investment of Regional 

Materials Science and Technology Centre (RMSTC) project was created new comprehensive workplace 

focused on physical modeling of seamless tube production. The laboratory is divided into two workplaces 

namely rolling mill so called “Universal rolling mill for production of seamless tube“ and heat treatment of ring 

of tubes. 

Keywords: physical modeling, seamless tube, experimental equipment 

1. INTRODUCTION 

The main tools of the modern research of the issues of forming processes in seamless tube production 

technology are divided primarily into two directions, namely into mathematic modelling including numerical 

simulations of these processes and physical modelling. Besides the more general use of mathematical 

modelling (e.g. FEM), physical modelling is likely the most appropriate procedure of a complex process of 

cavity formation during axial rolling of seamless tubes for laboratory research and development of those 

processes. This article focuses on specification of the equipment for physical modelling of the actual 

seamless tube rolling process in MATERIAL & METALLURGICAL RESEARCH Ltd. based in Ostrava (CZ).  

Production of rolled seamless tubes is based on multi-stage technologies - it is a sequence of at least two 

consequent different technological processes, e.g. in the case of the so-called Mannesmann method 

consisting of a piercing machine (cone-type rolling) and pilgrim mill . special type of longitudinal rolling on a 

mandrel). This method is suitable for rolling of medium and large diameter tubes with thicker walls. Other 

methods consist of combination of a piercing machine of various arrangements and designs combined with 

subsequent elongation by cross rolling or longitudinal rolling in round passes. The oldest method of 

production of seamless tube is Mannesmann rolling. Tenaris is the global leader in production of seamless 

tubes; another leading producer is Valorec & Mannesmann, which produces tubes in Europe in seven plants 

in France and Germany. There is a great number of tube rolling pilger mills in Russia [1]. Mannesmann 

rolling method is also used in Japan in Nippon Steel Corporation and JFE Steel [2 and 3].  

In recent years, fierce competition between individual manufacturers of not only metallurgical billets has 

caused development of methods supporting development and optimisation of the forming process. These 
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methods may be divided into two groups. The first is based on mathematical apparatus and calculation 

methods, which allow formation of mathematical models of the forming process and is called mathematical 

modelling. The second group is based on experiments, whereas the most important area is physical 

modelling and simulation [4 - 6]. 

With regard to the unique process of axial rolling of seamless tubes, which uses the effect of formation of 

cavity in the centre of a cylindrical blank, the so-called Mannesmann effect, which is further developed by the 

piercing mandrel, it is necessary to search for suitable experimental processes which would sufficiently truly 

model the actual processes during deformation. As a part of implemented experimental development, it is 

possible to implement the easiest and the most exact experiment which is the technological experiment, i.e. 

technological test directly on the production equipment. This may be implemented only to a limited extent, as 

preparation and implementation of such experiment limits the production and is associated with the loss of 

output of the line.  

2. EXPERIMENTAL EQUIPMENT 

Implementation of laboratory equipment modelling actual technology of piercing, or elongation is a 

technically demanding project when a fully universal character of the equipment (in relation to the modelled 

technologies) may not be achieved. The obtained experimental results need to be transferred back to the 

real processes. The scope of possible transfer of results (values) of experiments at laboratory equipment to 

the actual equipment is characterized by the so-called conditions of similarity between the physical model 

and the actual process. The most important general conditions of similarity for forming processes are as 

follows: plastic, elastic, temperature, friction, geometric, dynamic condition of similarity. 

The first four conditions are the most important, but may be met all at once only with difficulty. Therefore, 

only the conditions most important for the given process are often selected [4]. In practice, sufficient 

geometric similarity of the model and the object during modelling is achieved by means of geometric 

similarity of rolls, mandrels and guides, the same relative reduction, the same chemical composition of the 

formed metal; further it is necessary to observe similarity of chemical composition of rolls, mandrels, guides 

and quality of their surface, conditions of heating of the blank (furnace atmosphere, heating time), rolling 

speed. The selection of modelling scale is in practice limited by several factors. When opting for a substantial 

reduction, difficulties with too thin walls of rolled shapes occur, measuring inaccuracy is increased and it is 

more difficult to maintain geometric accuracy of working tools. If a small reduction of the model is chosen, it 

is necessary to use powerful equipment, which is costly and the test pieces are heavy (difficult handling). 

According to [7] a scale of k=1/5 to 1/7 is suitable for heavy rolling mills with the diameter of rolls from 650 to 

950 mm; k=1/3 to 1/5 for medium rolling mills with the diameter of rolls from 400 to 600 mm. With these 

scales, the results should be satisfactory if the rolling speed Vmodel corresponds to Vmodel=k·Vobject. In 

the case of a model rolling mill with the diameter of rolls from 200 to 240 mm, the scale according to [7] will 

be k=1/2.7 to 1/4.75, which corresponds to the scale for medium rolling mills and is near the limit value k=1/5 

for heavy rolling mills. Observance of similarity of plastic deformation, i.e. the same course of recrystalization 

and strengthening processes depending particularly on the actual deformation process means slowing of the 

actual model piercing. On the contrary, achieving of temperature similarity for small rolled pieces means 

acceleration of the whole piercing process. These two conditions are contradictory and they highlight the 

substantial limitation of application of modelling of deformation behaviour. 

In the case of rolling mills for cross rolling, it is not usual to monitor the force parameters of the forming 

process. The only indicator which helps us when estimating the course of deformation is the intensity of 

current and current characteristic of the drive. With regard to this fact, monitoring of various dependencies is 

more suitable for laboratory test plants, which allow detailed measuring within a wide scope and analysis of 

individual characteristics. 
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In the past, similar plants were constructed in the Czechoslovakian Republic in the 1970s at the Department 

of Metal Forming at VSB in Ostrava. The characteristic parameters of the three-roll machine were as follows: 

diameter of working rolls max. 170 mm, length of rolls 250 mm, speed 30 to 112 min-1, roll axis angle 0 to 

12°, rolling angle 0 to 3°. The diameter of input material was 40 to 70 mm and the length was 100 to 400 

mm. The design of the rolling mill was adjusted for integration of sensors for measuring of force parameters 

of cross rolling. This cross rolling mill was fitted with sensors for measuring of forces on all rolls, always on 

the front and rear adjusting screw, measuring axial force on the mandrel, axial force on the mandrel carrier, 

torques of all drive spindles, power of drive motor, speed of work rolls and temperature of the rolled material 

[8]. At the beginning of 1990s all equipment was discarded including the majority of measured data due to 

termination of research. 

Within investment of Regional Materials Science and Technology Centre (RMSTC) project, a new 

comprehensive workplace was created in MATERIÁLOVÝ A METALURGICKÝ VÝZKUM s.r.o. (MMV) 

focusing on physical modelling of seamless tube production. The actual laboratory is divided into two 

workplaces namely rolling mill, the so-called “universal rolling mill for production of seamless tubes“ and the 

heat treatment workstation. 

2.1 Universal rolling mill for production of seamless tubes 

The plant consists of the mechanical part, drives, hydraulic system and the control and regulation system. 

The mechanical part may be divided into the drive consisting of three or two electric motors with Cardan 

shafts driving the working rolls and the input part - introduction of the hot blank to be engaged by the work 

rolls. When passing the rolling gap, the rolled product is intercepted in the output part of the mill where 

guides of the job are placed, mandrel bar support bearings and output cooling grate with ejector. Movement 

in this area is secured by roller track. 

The rolling mill has a modular design, i.e. its configuration may be changed as necessary from a two-roll 

arrangement (Fig. 1) to a three-roll arrangement. In the case of the two-roll arrangement it is possible to 

select the methods of supporting, either by support (not driven) roll or ruler from both sides or only from one 

side (the piercing axis thus is then above the axis of work rolls). Based on concept according to [7], the 

following force parameters were selected for monitoring: thrust of work rolls (each roll separately always on 

the front and rear mounting), thrust of the blank 

between the rolls; measuring of drives: driving 

torque of work rolls and speed of work rolls (each is 

always done separately); temperature measuring: 

temperature of blanks and rolled products. The 

important technical parameters are as follows: angle 

between rolls 0 to 75°, roll thrust max. 300 kN, work 

rolls diameter 200 to 240 mm. The main drive is 

secured by three asynchronous electric motors with 

the input of 37 kW provided with a frequency 

converter; work rolls speed may change within the 

scope of 0 to 180 min-1. The dimensions of the 

input material may vary as follows Ø 50 to 70 mm, 

length 200 to 400 mm, i.e. weight about 9 kg. 

Heating of the blank is realized in the heating 

furnace by controlled heating according to the set 

curve up to 1350 °C. Handling between the furnace 

and the hydraulic feeder is manual.  

 

Fig. 1 Two rolls variant of rolling mill 
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3. MILLING ON THE UNIVERSAL ROLLING MILL FOR SEAMLESS TUBES IN A TWO-ROLL 

ARRANGEMENT 

As part of first experiments realized on the rolling mill, hot rolling with piercing mandrel was realized. The 

objective of this rolling was primarily to verify the course of the piercing process and operability of the 

equipment, possibly establish insufficiencies based on results and propose their correction. 

3.1 Course of tests  

The input material for the tests were rolled bars of carbon steel C10 (0.1 wt. % C, 0.2 % Si, 0.5 %Mn). In all, 

four samples were rolled with the dimensions Ø 60 mm, 200 mm long. The diameter of the piercing mandrel 

was 35 mm and its position was selected so that the tip of the mandrel was 30 to 35 mm before the passing 

plane. The speed of rolls ranged between 96 to 120 rpm (see Table 1). The position of the piercing mandrel 

and the speed of rolls changed for each sample. 8 mm reduction, 5° movement angle and 0° forming angle 

remained the same for all samples. Temperature of sample was set to 1320°C with the minimum dwell at 

temperature at 1 h. The course of rolling is documented by Fig. 2, the condition of mandrel tip is shown in 

Fig. 3 and the rolled products are shown in Fig. 4.  

Table 2 Setting of piercing process for individual samples 

sample 
 

roll axes angle  
[°] 

rolling angle  
[°] 

mandrel position 
[mm] 

reduction 
[mm] 

speed of rolls 
[rpm] 

elongation  
[-] 

1 5 0 30 8 96 1.675 

2 5 0 35 8 96 1.725 

3 5 0 35 8 108 1.740 

4 5 0 35 8 120 1.825 

3.2 Course of tests  

  

Fig. 2 Rolling process Fig. 3 Piercing mandrel tip 

  
Fig. 4 Rolled product internal surface Fig. 5 Rolled pieces on the cooling grate 

There were no problems during actual rolling. In the case of tests with greater speed of rolls (108 rpm and 

more) the rolling process showed signs of instability (increased vibrations of the rolled product in 

engagement and during releasing). For this reason it was suggested that lower speed of rolls under 100 rpm 
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be used for further rolling. Formation of central cavity was not seen with this plain material; moreover the 

input material was made of formed material that had been formed homogeneously within its whole section. 

4. PARTIAL CONCLUSIONS 

Reading of work parameters was performed at a frequency of 1 second, which is insufficient with regard to 

the time of rolling (see Fig. 6 to 8). Therefore the reading frequency was adjusted to 0.1 sec. Individual 

trends (relations of particular monitored parameters depending on time) showed values of the given 

parameter in % instead of the corresponding units - therefore subsequent calibration of all values was 

implemented. By comparing the speed of rolls and the final elongation of rolled products it is clear that the 

higher the rolling speed the greater the elongation of the rolled product (sample No. 1 was not included in the 

comparison as the position of the mandrel was changed for it). 

 

Fig. 6 The course of torque values on the left and        Fig. 7 The course of electric current values on the left 

right work roll, sample 2         and right work roll, sample 
2CONCLUSIONS 

As a part of solution of RMSTC project, 

an investment was realized called 

"Laboratory equipment for research of 

technological processes of seamless 

tube rolling". The laboratory 

workstation is equipped with a unique 

plant, the so-called universal rolling 

mill. This is unique equipment and 

there is not anything like that in the 

Czech Republic now. A similar plant for 

modelling in Central Europe is e.g. in 

the VFUP Institute (a society for 

promoting forming and production 

technology) in Riesa (Germany) [9]. It 

is assumed that the laboratory plant will 

be used for the processes of physical 

modelling of piercing or elongation for cross-rolling of seamless tubes. However, a successful completion of 

the whole investment project will require a number of adjustments of equipment and development of 

methodology, i.e. technology of testing on this equipment. The ascertained results will be subsequently 

verified in operational conditions of actual production.  

Fig. 8 Thrust on front and rear pin of the work roll, sample 2 
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Abstract 

Using the finite element method (FEM) deformation behaviour in material after severe plastic deformation 

was simulated. As for the extruded material the Ti-6Al-4V alloy was chosen. Deformation was introduced into 

the material in the following ways: the ECAP method and ECAP with partial back pressure, ECAP-PBP 

method. Among the main parameters observed belong effective strain, material flow and stress distribution. 

It was shown that the partial back pressure application contributes significantly to homogenous deformation 

distribution across the cross section of the sample in comparison with the conventional ECAP process. Back 

pressure application, among others, suggested significant homogenisation of stresses throughout the whole 

sample. The conclusion is focused on the processing methods influence on the material comparison. 

Keywords: ECAP, ECAP-PBP, strain homogeneity, dead zone 

1. INTRODUCTION 

Ti-6Al-4V is a widely industrially utilised Ti based alloy and one of the mostly experimentally investigated 

alloy as well. In vast range of experiments various methods for the Ti-6Al-4V alloy production, in connection 

with subsequent final properties, have been observed. Among the modern titanium alloys production 

methods belong laser welding [1], or processing of metal powders [2] that can be obtained e.g. by machining 

scraps milling [3]. Thanks to its favourable properties, such as high strength, good formability or corrosion 

resistance, the Ti-6Al-4V alloy is a favourite one in aerospace or biomechanics applications, possibilities of 

utilisation of compacted powders products in biomedicine have been investigated as well [4].    

Fast evolution of modern industrial branches and insisting on new technologies development goes hand in 

hand with the need of improving mechanical properties of materials. One of the effective ways for final 

properties increasing, along addition of alloying elements which can increase the material’s cost significantly, 

is processing with the equal channel angular pressing (ECAP) [5] based on imposing severe shear strain into 

the material. ECAP belongs among the severe plastic deformation (SPD) methods that are known mainly for 

effective grain refinement and, so that, a possibility of ultrafine grain materials with favourable values of final 

properties production. Several experiments observing microstructure and properties after the ECAP process 

have been led with the use of titanium and its alloys as well [4-6]. There are several modifications of the 

ECAP method itself. Effect of back pressure (the ECAP-BP method) has been analysed in number of 

experiments and simulations. As it has been proven, the indispensable influence of the back pressure lies in 

strain homogenization throughout the sample [7]. Last, but not least, the ECAP-PBP method, with partial 

back pressure integration in the die itself (via necking in the outlet channel), has been investigated recently 

[8], but a FEM simulation have not been used for ECAP-PBP analysis so far. 

Among other SPD techniques, that are based on the ECAP method, non-equal channel angular pressing 

(NECAP) [9], torsional-equal channel angular pressing (T-ECAP) [10], or twist channel angular pressing 

(TCAP) [11,12] can be mentioned. 
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The aim of this paper is to compare finite element methods’ simulations of ECAP and ECAP-PBP processes 

regarding, above all, influence of the partial back pressure on strain homogeneity throughout the sample and 

on the effective strain introduced into the material.  

2. EXPERIMENT 

This part of the paper is focused on finite element method simulations of the ECAP and ECAP-PBP 

methods. The main goal is to investigate influence of the partial back pressure on material properties and the 

homogeneity of strain throughout the sample. The ECAP and ECAP-PBP dies’ geometries are depicted in 

Fig. 1. The bending channel angle for both of the dies was 90 °. Channel’s dimensions were chosen to be 8 

x 8 mm for both the dies, the length of the first channel was 100 mm, the second channel was 70 mm long. 

a)                    b)  

Fig. 1 a) ECAP and b) ECAP-PBP dies’ geometries. 

The numerical analysis was carried out using the following parameters’ values: 600 °C initial billet 

temperature, 600 °C dies’ temperature, v = 2 mm∙s-1 extrusion speed and µ = 0.02 friction coefficient. The 

friction was chosen to be of the Coulomb type. The mesh of the billet consisted of 68,078 mostly tetrahedral 

elements; the die and the extruder were considered to be rigid parts. Automatic re-meshing was activated 

due to expectation of large shear strain and subsequent excessive mesh deformation.  

As for the extruded material, the Ti-6Al-4V alloy was chosen. For describing the behaviour of the material 

during deformation, the following Haensel-Spittel equation was utilised: 

  (1) 

Where  is equivalent strain,  is equivalent strain rate, T is temperature and A, m1, 

m2, m3, m4, m5, m6, m7, m8, m9 are regression coefficients. Values of the 

coefficients used in the simulation were as follows: A = 16710.68 MPa, m1 = -

0.00564 MPa, m2 = -0.2858 MPa, m3 = 0.1518 MPa, m4 = -0.02193 MPa, m5 = m6 = 

m7 = m8 = m9 = 0 MPa. The elasticity modulus was determined to be 110 GPa and 

the Poisson’s ratio was 0.33.  

For evaluation of strain throughout the sample and differences between its values 

in inner and outer regions of the sample three points, as they are shown on Fig. 2, 

were picked. All of the points are situated to be in the central plane of the sample. 

The first point lies in the bottom part, the second one is in the central zone and the Fig. 2 Position of 

the testing points in 

the sample 
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third point is situated in the top surface of the sample (from the second channel point of view). 

Additional grid with cells at the size of 0.5 x 0.5 mm, situated to the axis plane of the sample, parallel to the 

extrusion direction, was superimposed on the sample for better determination of plastic flow and strain 

(in)homogeneity and description of possible dead zone occurrence. 

3. RESULTS AND DISCUSSION 

3.1 Effective strain 

As it is evident from Fig. 3 a) and b), values of effective strain in the material after one pass are significantly 

higher after processing using the ECAP-PBP die. Nevertheless, even during the extrusion process with PBP, 

differences in the values of strain in the inner and outer zones of the sample occur. However, while at the 

end of ECAP processing the strain inhomogeneity between the sample areas observed almost disappeared, 

after ECAP-PBP there are still variations of the strain values between the inner and outer zones of the 

sample. Comparison of the effective strain values in the top, centre and bottom regions of both the samples 

is shown in Fig. 4. As it can be seen from the figure, strains in the inner and outer surfaces of the sample are 

almost the same, while the strain in the centre area is lower. This is caused by the partial back pressure 

influence. 

Due to the relatively high values of the effective strain imposed into the material during the simulation of the 

ECAP-PBP process highly effective grain refinement and improvement of mechanical properties in a real 

observed material, in accordance with the Hall-Petch relation, can be proposed. Achieving such a value of 

effective strain by the ECAP method is possible, but multiple passes must be used (as it had been done in 

previous experiments, e.g. [13]). 

In Fig. 3 it can be seen that, during the ECAP processing, the material does not fill the entire outlet channel 

and that there is a gap in the outlet channel upper part. This can be caused by interaction of strain hardening 

exponent together with strain rate sensitivity coefficient. According to Kim [14] and Semiatin [15], the strain 

rate sensitivity coefficient m influences highly the formation of lateral gaps in the die; the lower the coefficient 

value is, the higher is the tendency of lateral gaps occurrence (the material does not fill the entire die 

channel) and of rotating the sample’s end. As it is evident from the Fig. 3a), both the effects occurred in this 

ECAP simulation. In this experiment, the m parameter corresponds to the m3 coefficient from eq. (1) and so 

that it is 0.1518MPa, which can be considered to be a relatively low value. These effects are rather 

eliminated by partial back pressure influence, as filling of the entire channel with material is supported.  

       
Fig. 3 Effective strain in the sample a) after one ECAP pass; b) after one ECAP-PBP pass. 
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Fig. 4 Comparison of effective strain in the inner, centre and outer regions of the sample. 

3.2  Plastic flow 

For evaluation of plastic flow additional grids with cells at the size of 0.5 x 0.5 mm were superimposed on the 

models. Strain inhomogeneity has already been discussed in the previous section, nevertheless, the non-

uniformly deformed grids can be considered as another prove. Friction coefficient influences deformation 

inhomogeneity too and has been widely investigated [16]. As a consequence of the friction influence plastic 

flow inhomogeneity occurs; top regions of the sample are deformed in a relatively short time, while the 

bottom layers are deformed with a delay (if both the surfaces are contiguous to the die) [17]. From Fig. 5 it is 

evident that the central regions of the samples are deformed in other way than the surface areas. Moreover, 

the bottom sample surface in the ECAP die (Fig. 5a)) is influenced with the die’s friction more than the 

ECAP-PBP sample, so that it is proved that the partial back pressure is of a positive influence on strain 

homogeneity (Fig. 5b)). The top sample surface in the ECAP die is not influenced by friction, so that the 

deformation is more likely to be influenced by the centre region deformation behaviour. Deformation of the 

ECAP-PBP sample is of a better homogeneity at all, the grid vertical lines, in the outlet channel, are of a 

lesser skewness than the ones in the ECAP sample. 

    

Fig. 5 a) ECAP and b) ECAP-PBP dies’ corner areas. 

Dead zone is one of the factors often investigated. Its occurrence is supposed to be connected with greater 

strain inhomogeneity. As it had been suggested in several experiments, the corner gap occurrence is 

influenced by the strain hardening coefficient n; friction coefficient is of an indispensable influence on the 

dead zone creation and its size as well. Both have been widely investigated [14-16]. Despite the fact that 
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friction increases strain inhomogeneity throughout the sample, better filling of the die’s corner zone with 

material is supported by higher friction factor. The friction factor for this experiment was µ = 0.02.   

Materials with low n coefficient are more likely to fill the corner zone of the die than the ones with high strain 

hardening factor (hardenable materials). So that the following conclusion can be deduced; the higher the 

strain hardening coefficient is the larger is the dead zone. Luo et. al. [18] analysed the strain rate sensitivity 

(m) and strain hardening coefficients (n) during the deformation of the Ti-6Al-4V alloy and came to a 

conclusion that the n coefficient is negative for the temperatures below 970 °C (1243 K). The coefficient in 

this experiment corresponds to the value of the m2 coefficient from eq. (1) and so that it is -0.2858 MPa. This 

is in accordance with the results previously achieved for the alloy in [18]. In Fig. 5 there is a little dead zone 

evident in the ECAP extruded sample. Due to severe shear strain and high level of hardening, the outlet 

channel is not filled with the sample entirely and this is of an influence on the corner area filling as well. In 

the second sample the dead zone was almost eliminated by the influence of the partial back pressure. 

3.3  Stress and temperature 

During the ECAP-based processes severe shear deformation is inputted into the extruded materials, so that 

excessive (tensile) stresses develop, mainly in the shear strain zones at the bending areas. This 

presumption is proven by the FEM analysis. From the results it is evident that tensile stress in the bending 

areas of both the dies increases heavily. There is another local tension stress increase at the ECAP-PBP  

die - in the area of the partial back pressure necking in the die. The partial back pressure influences the 

value of stress throughout the sample as well - in the ECAP sample the average stress value in the whole 

sample is significantly lower than in the ECAP-PBP sample. So that, due to the PBP necking, higher 

pressure load would be needed for extruding the sample.   

The initial temperature of both the samples was 600 °C, for the ECAP and ECAP-PBP dies it was 600 °C as 

well. From the experimental results it is clear that the samples cooled continuously during the extrusion 

processes, however, in the main deformation zones, where the strains introduced into the material are the 

highest, the temperatures increased locally. These zones are the main shear strain area and the area of the 

partial back pressure necking. If the dies were of a higher temperature, the samples could reach the 

temperature of recrystallisation and so that the hardening effect of the SPD process would be neutralised.  

CONCLUSION 

This experiment was focused on FEM simulation of ECAP and ECAP-BPB processes using a billet of Ti-6Al-

4V alloy as for the extruded material. The Ti-6Al-4V samples were extruded at 600 °C. The main goal was to 

compare the ECAP and ECAP-PBP dies’ influence. Effective strain belonged among the main parameters 

observed; plastic flow and dead zone occurrence were compared as well.  

In the ECAP die the strain introduced into the material was significantly lower than the strain inputted during 

the extrusion with partial back pressure. The strain homogeneity throughout the samples was investigated as 

well. It was proven, that the partial back pressure is of a favourable influence on the strain homogeneity and 

on the dead zone occurrence, too. The flow stresses values were the higher in the main shear deformation 

zones, moreover, in the ECAP-PBP die there was another local tensile stress increase - in the area 

foregoing to the die necking. 

During the ECAP extrusion there was a significant lateral gap occurrence, the strain rate sensitivity 

coefficient together with strain hardening coefficient were both too low for filling the entire channel with the 

material. The gap occurrence was eliminated with the help of partial back pressure. 
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Abstract 

Machine Hammer Peening (MHP) it is a cold deformation process with the aim of improving the condition of 

the upper surface layer of metal work pieces. The process is carried out by an actuator, which can be 

mounted on conventional machining tools. A vertical guide, oscillating plunger, with a spherical carbide tool 

can perform well-directed hits on the work piece surface. The authors of this paper have investigated the 

effect of MHP on the materials microstructure and the mechanical characteristics of different machine 

hammer peened work pieces. The microstructure of the steel X3CrNiMo13-4 was investigated in peening 

direction, normal to it as well as diagonally. Nano-hardness measurements on X3CrNiMo13-4 were carried 

out to see if the MHP process has a significant influence on the results of the hardness measurements. 

Because of the fact that MHP creates a “valley and hill” like morphology in the range of some µm on the 

surface, the question arises whether there is a significant difference between the hardness measured in the 

valley or on the hill. Another mechanical characteristic, which can be influenced by the MHP process, is the 

induction of residual stress. Therefore, measurements with the hole drilling method on the material 

X3CrNiMo13-4 were done to see how compressive residual stress can be induced by MHP. 

Keywords: Machine Hammer Peening, surface treatment, metallography, surface hardness, induction of 

residual stress 

1. INDRODUCTION 

Machine Hammer Peening is a relatively novel surface treatment technology. Therefore, only few industrial 

applications are using this technology nowadays. One successful practical implementation of MHP in an 

existing manufacturing process was reported in [1]. This successful application in the automotive industry 

raises the question, if it is also possible to apply this technology in the wide field of hydraulic fluid flow 

machinery. However, if a new application field is conceivable, basic questions should be clarified in advance.  

This paper seeks to explore how Machine Hammer Peening can influence the microstructure and the 

mechanical characteristic of the material X3CrNiMo13-4 (1.4313). This stainless steel has a martensitic-

austenitic microstructure and is typically used in the petrochemical industry, for pump and compressor 

components and as well for turbines in the hydraulic fluid flow machinery. The basic findings in this paper, 

combined with the already existing knowledge about the high surface smoothing potential of MHP, reported 

for example in [2] [3], can help to answer the question raised above.    

 

mailto:beatrix.adjassoho@tuwien.ac.at
mailto:ernst.kozeschnik@tuwien.ac.at
mailto:lechner@ift.at
mailto:habersohn@ift.at
mailto:friedrich.bleicher@tuwien.ac.at
mailto:stefan.goessinger@tuwien.ac.at
mailto:cbauer@mail.tuwien.ac.at
mailto:heindl@ac2t.at
mailto:tomastik@ac2t.at
mailto:ripoll@ac2t.at


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

398 

2. MACHINE HAMMER PEENING TECHNOLOGY  

The Machine Hammer Peening technology used in this research work is based on an electro-magnetic 

actuator (accurapuls), which can be mounted on conventional machining centers. A plunger with a spherical 

hard metal tip, axially guided in the actuator, performs an oscillating movement with up to 500Hz. The 

different MHP parameters of the used configuration are listed in Table 1 and illustrated in Fig. 1.  

A classification of MHP in comparison to other similar surface treatment technologies was given in [2].  

a) b) 

5-axis machining 
centre 

Mounted MHP 
actuator

Industrial computer
for CAM Software

Actuator control

  

Fig. 1 Machine Hammer Peening technology a) parameters accoring to Table 1 b) Experimental setup at the 

Institute for Production Engineering and Laser Technology, University of Technology Vienna  

A total of 5 different samples has been used for the research described in this paper. The different MHP 

treatments were all done on face-milled surfaces. 

Table 1 Machine Hammer Peening parameters [2] utilized in the present investigations. 

 Samples used in this paper 

Parameter Description  1 2 3 4 5 

Diameter D [mm] Diameter of the spherical plunger tip 6 6 8 10 10 

Distance t [mm] Distance betw. surface and plunger tip 0.3 0.2 0.8 0.3 1.2/0.3 

Line pitch s [mm] Distance between two MHP tool paths 0.2 0.2 0.5 0.2 0.2 

Frequency F [Hz] Frequency of the oscillating movement 200 200 200 200 200 

Feed rate v [mm/min] provided by the machine tool 2400 2400 6000 2400 2400 

3. MICROSTRUCTURE ANALYSIS OF MACHINE HAMMER PEENED SURFACES 

To determine the effect of Machine Hammer Peening on the microstructure of the material X3CrNiMo13-4, 

two samples according to Table 1 were processed for each set of peening parameters. The direction of the 

MHP treatment (tooling path) is given in Fig. 2a. 

 

Fig. 2 a) Investigated cross sections b) Theoretical influence on the microstructure. 

3.1 Investigation method 

The microstructure was detected in peening direction, normal to it, as well as diagonal. The different 

directions are illustrated in Fig. 2a. Before testing the different cross sections, the sample is cut in the 

appropriate direction. After cutting, the probes are embedded in resin. Chemical etching is carried out 

according to [4] Kalling´s method with 33 ml distilled water, 33 ml ethanol, 33 ml hydrochloric acid and 1,5 g 
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copper chloride. For the examination of the results, an optical microscope (Zeiss, Axioplan) and a 200-, 500- 

and 1000-fold magnification is used.  

T1: Microstructure 
in peening direction 

T2: Microstructure 
diagonal to peening direction  

T3: Microstructure 
normal to peening direction 

   

Fig. 3 Microstructure analysis of sample 2 (see Table 1) in different peening directions. 

3.2 Results 

The results of the microstructure analysis of sample 2 are depicted in Fig. 3. Apparently, the materials 

microstructure is not directly influenced by MHP. The Machine Hammer Peening process causes plastic 

deformation, but the grain structure of the investigated material is conserved by this treatment. Moreover, no 

crack initiation in the upper surface layer of the investigated samples could be detected, which is an 

important finding for application of the Machine Hammer Peening process as surface smoothing technology. 

Further results, obtained from peening sample 1, measured in the three mentioned investigation directions, 

led to the same conclusions.  

MHP creates a “valley and hill” like morphology in the range of some µm on the surface. To see, if there 

exists a significant difference between the hardness values measured in the valley or on the hill, nano-

hardness investigations are performed and described in the following section. The outcomes of these 

investigations are important indicators to see if the typical MHP surface morphology has significant influence 

on common micro-hardness measurements.  

4. HARDNESS DISTRIBUTION ON THE TREATED SURFACE 

The nano-hardness measurements are performed on a machine hammer peened surface of X3CrNiMo13-4. 

The peening parameters for sample 3 were selected according to Table 11. The used parameters lead to a 

topography, characterized by valley and hills, as observed by means of confocal microscopy in Fig. 4a. The 

average distance between two asperities is 0.5 mm, while the average distance between a valley and the 

peak of a hill reads 8 µm (Fig. 4b). The distance between two hills corresponds to the chosen MHP 

parameter line pitch of 0.5 mm. 

4.1 Investigation method 

The nanoindentation measurements are carried out on a Hysitron Triboindenter TI900 (Minneapolis, MN, 

USA). A diamond Berkovich indentation tip with 100 nm tip radius was used. The quasistatic load cycle 

involved loading for 5 s to reach the peak load of 10 mN and subsequent unloading for 5 s. The load versus 

depth curves are analyzed using the procedure described in [5]. Two lines (Fig. 5) of nanoindentation 

measurements, perpendicular to the peening direction, are performed. Each line comprised of a chain of 

indents, where the distance between two subsequent indents is set to 10 µm. In this way, the execution of 

150 measurements leads to a total length of 1500 µm for each line. For the starting points of the lines, two 

randomly selected positions on the material surface are chosen. 
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Fig. 4 a) Confocal Microscopy image of the MHP surface and localisation of the nanoindentation 

measurements b) Cross section showing the average distance from peak to peak and peak and valley  

c) Confocal Microscopy picture of the surface with the two lines (1 and 2) of nanoindentation 

measurement.Results 

Fig. 5 shows the hardness evaluated from the nanoindentation measurements as a function of position in the 

linescan. No correlation with the hill and valley topography (Fig. 4c) is observed. However, due to the high 

surface roughness, the scatter of the data is considerable, so that a significant correlation of smaller 

magnitude would not be seen. 
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Fig. 5 a) Nanoindentation measurements for the first line (1) and second line (2) definined in Fig. 4c. 

5. INDUCTION OF COMPRESSIVE RESIDUAL STRESS WITH MHP 

To evaluate the potential of Machine Hammer Peening for introduction of compressive residual stress in a 

work piece surface of the material X3CrNiMo13-4, two different samples (4 and 5) according to Table 1 were 

prepared. The directions of the MHP process in comparison to the different measuring directions of the hole 

drilling method, together with the observed results, are shown in Fig. 6.  

5.1 Investigation method 

To determine the amount of residual stresses induced with MHP, the hole drilling method, which is a 

partially-destructive investigation method to determine the residual macro-stresses as a function of distance 

to surface, is used. Hole drilling is a strain gage based technique for determining residual stresses by 

measuring the change of surface strain caused by stress relieving when drilling a shallow hole to a depth of 

approximately the hole diameter. In the present work, the high speed drilling method is applied, which has 

the advantage that, due to the high rotating velocity of the milling cutter, no additional residual stresses are 

induced during the drilling process. This drilling method is performed with the system RESTAN-MTS3000 

from SINT technologies. For the strain measurements, a strain gage rosettes of the type HBM 1-RY61-

1.5/120R is mounted on the surface of the different specimens samples. A milling cutter with a diameter of 

1,6mm is used to drill a hole in the centre of the strain gage rosette with a diameter of 1,755mm. The 

procedure is performed in 56 milling steps of approximately 0.05mm each. The measurements are evaluated 

with the software provided by SINT technologies, using the Kockelmann calculation method. 
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5.2 Results 

The results, obtained from residual stress measurements as explained above, are depicted in Fig. 6. The 

stress measurements are performed in two directions (“horizontal” and “vertical” according to Fig. 6) for the 

milled reference as well as the two Machine Hammer peened surfaces. The results show a significant 

induction of compressive residual stresses in the work piece surface up to a maximum of  

approximately -600 MPa at sample 4. The range of scatter of approximately ±200MPa for the hole drilling 

method has to be taken into consideration, however, when interpreting the data. From the measured data, it 

is concluded that the Machine Hammer Peening feed direction has a direct impact on the induction of 

compressive residual stresses in the material X3CrNiMo13-4. Normal to the peening direction, the values for 

the induced compressive residual stresses are higher. A directional induction of compressive residual 

stresses is, therefore, possible with this technology. These findings are confirmed by the experiments carried 

out in [6] for example. 

 
 

Measured residual stress Measuring and MHP directions 
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Fig. 6 Residual stress investigation results (Hole drilling method). 

6. CONCLUSION 

The presented investigations seek to explore the influence of MHP on the properties of X3CrNiMo13-4 

(1.4313). Machine Hammer Peening is a very powerful technology for smoothing the upper surface layer of 

metal work pieces. In our investigations, we find that Machine Hammer Peening leads to substantial 

smoothing of the surface, without inducing micro-cracks in the upper surface layer. This is an important 

prerequisite for application of MHP for this purpose.  

Using nanoindentation measurements, we demonstrate that no correlation exists between the local hardness 

and the hill and valley topography of the MHP surface. Consequently, a machine hammer peened surface, 

with its typical morphology, does not influence the results of conventional surface hardness measurement 

techniques. 
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On the example of X3CrNiMo13-4, the investigations also show the potential of MHP to induce residual 

stresses into the upper surface layer. In our experiments, the hammering process produced compressive 

residual stress, approximately up to -600 MPa (±200MPa). We also confirm the directional effect of MHP 

depending on the maximum amount of compressive residual stress. The highest hardness values are 

observed perpendicular to the peening direction. 
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Abstract  

Method for the assessment of technologic lubricants for cold rolled sheets with the criterion of efficiency is 

described. The evaluation of lubricants, currently used or tested once on the cold rolling mill 1700 in JSC 

“AMT” is described. It was revealed that there were no lubricants more efficient than the reference Quakerol 

671 found. The less efficient lubricants are: Efirol-VP 5 %, AKTO - 5 %, Emulsol - 5 %. The efficiency of 

various lubricants on technological parameters on the rolling mill 1700 of AMT JSC is considered. 

Keywords: technologic lubricants, quality, cold rolling, qualimetry, technological parameters 

1. INTRODUCTION 

Specificity of technological lubricants application at modern strip cold rolling mills is characterized by high 

speeds of rolling and productivity, big consumption of lubrication and cooling liquids and capacities of 

systems for their supply. During cold rolling of sheets and strips most often applied lubricants are: Quakerol 

671, mineral oil I-20, Emulsol T - 5 %, Mobirolling - 5 %, GreenEngineer - 5 %, Efirol 7/15 - 5 %, Efirol VP - 5 

%, AKTO - 5 % [1].  

Researchers and technologists as well as developers of rolling lubricant coolant for cold rolling of sheets are 

facing the problem of the complex comparative assessment of technological lubricants already applied and 

newly developed. 

So, authors of the work [2] have established criteria by which it is necessary to assess technological 

lubricants. They classified the following as the main assessed indicators: lubrication ability (ability of lubricant 

to reduce friction force, rolling strength, etc.); cooling ability (ability of rolling lubricant coolant to take away 

heat from rolls and the strip); ensuring of demanded strip surface quality (micro-geometry, contamination 

with settled lubricant and wear products). 

Ability of technological lubricant to provide demanded surface quality for cold rolled strips is defined by such 

indicators, like quantity of settled lubricant and wear products on surfaces of strips after rolling, tendency to 

sooth formation at the subsequent heat treatment. Quality of finished products considerably decreases in the 

presence on such surface defects as spots, emulsion burn-in, sooth film. 

2. METHOD OF EVALUATION THE QUALITY 

According to the qualimetry principles the comparative assessment of technological lubricants can be made 

by means of the efficiency criterion which looks like [2]: 

2

1

1
n

iэт i
вес

iэт

эф

х x
k

х
К

n

 
 

 


,             (1) 

where Кeff - complex criterion of technological lubricant; n - number of parameters, by which technological 

lubricant is assessed; хiэт - parameter, by which reference technological lubricant  is assessed; хi - similar 

parameter for studied lubricant; kвес - weight coefficient. 
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Here the indicator of lubrication ability (i.e. ability of lubricant to reduce friction tension), as well as indicators 

defining the influence of technological lubricant on the surface quality of finished sheets are used as 

parameters allowing to assess the comparative efficiency of technological lubricant s. 

The ability of lubricant to reduce tension of friction is assessed by the value of basic friction tension 
баз
 . 

The indicator of strip surface contamination with settled lubricant and wear products after rolling, as well as 

tendency of technological lubricant to the sooth formation in the course of subsequent softening heat 

treatment are used as parameters defining the influence of lubricant on the quality of finished sheets surface. 

strip surface contamination after rolling is determined by quantity of settled lubricant and wear products on 

the surface. 

By using of selected parameters for comparative assessment of technological lubricants the criterion of 

efficiency looks like [2]: 

2 2 2 2

1 1 1 1

4

эт ис эт ис эт ис эт ис

б б
C М Гэт эт эт эт

б

эф

C С М М Г Г
k k k k

C М Г
К



 



          
             

        ,     (2) 

where 
эт

б  and 
ис

б  - values of basic friction strain of reference and studied lubricant, MPa; 

эт
C  and 

исС  - values of sooth formation at the strip surface after rolling and heat treatment with reference 

and studied lubricants, mm; 

эт
М  and 

ис
М  - amount of oil residue on the strip surface after rolling with reference and studied 

lubricants, mg/m2; 

эт
Г  and 

ис
Г  - amount of contamination (wear products) on the surface of the strip after rolling with 

reference and studied lubricants, mg/m2; 

, , ,
C M Г

k k k k  - weight coefficients for each quality parameter of technological lubricant s. 

The most efficient lubricant is one for which the эфК , value is the smallest.  

Tasks of this work include the use of the considered method for assessment of technological lubricants used 

now or tested once at the sheets cold rolling mill 1700 of ArcelorMittal Temirtau JSC. There is also the 

analysis for the study of various technological lubricants influence on technological parameters during rolling 

at this mill provided. 

3. RESULTS AND ITS DISCUSSION 

Quality parameters of technological lubricants, currently applied or once tested at the mill, are given in the 

Table 1 [1-2, 4]. 

Table 1 Quality parameters of technological lubricants [2] 

Lubricant 
Quality parameters 

б
 , MPa С , mm М , mg/m2 Г, mg/m2 

Quakerol 671 30.24 18 210 47 

Mineral oil I-20 36.22 47 828 602 

Emulsol T - 5 % 40.33 51 850 30 

Mobil Rolling - 5 % 34.20 20 660 60 

Green Engineer - 5 % 29.30 32 690 200 

Efirol 7/15 - 5 % 37.45 32 375 190 

Efirol VP - 5 % 32.70 15 390 65 

АКТО - 5 % 34.93 14 524 75 
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Following was used as the basic data for calculation of power parameters: thickness of incoming strip h0 = 

2.4 mm; width of incoming strip b0 = 840 mm; thickness of finished strip h1 = 0.5 mm; steel grade 08Yu; initial 

yield stress = 250 MPa [3]; diameter of backup rolls is DBUR = 1500 mm; diameter of work rolls is DWR = 600 

mm; empirical coefficient for steel 08Yu A = 50 [4]; the coefficient considering the scheme of loading kc = 1.1 

[4]; temperature and speed coefficient ktu = 1.1 [4]; correction coefficient с = 1.375 [4]; coefficient for steel 

rolls m = 1.12×10-5 1/MPa [4]; coefficient considering the nature of lubricant, ksm = 1 [4]; height of roll 

roughness: for stands Nos.1÷4 - Rz = 1 μm; for stand 5 - Rz = 2.5 μm. Kinematic viscosity of lubricants 
50

 : 

Quakerol 671 - 50 mm2/S [4]; Mineral oil I-20 - 17 mm2/S [1]; Emulsol T - 5 % - 31 mm2/S [1]; Mobil Rolling - 

5 % - 24 mm2/S [1]; Green Engineer - 5 % - 19 mm2/S [1]; Efirol 7/15-5 % - 22 mm2/S [1]; Efirol VP-5 % - 40 

mm2/S [1]; AKTO-5 % - 32 mm2/S [1]. Rolling speed in the last stand 
5

 : = 18 m/sec Quakerol 671 currently 

used at the mill was selected as the reference lubricant. The criterion of efficiency эфК
 
for it will be equal to 

1. It was also accepted that all parameters defining the quality of technological lubricant are equivalent, i.e. 

1
C М Г

k k k k     . 

Results of efficiency criterion for considered lubricants are given in Table 2. 

There was also the impact of technological lubricant s on the force and capacity of rolling selected as the 

technological assessment of lubricants quality used at cold rolling of sheets. Calculation was carried out on 

the basis of metodology [5]. 

For the display convenience of received results at the rolling of strip 0.5×820 mm from steel grade 08Yu they 

were presented in the form of histogram (Fig. 1) and two graphs (Fig. 2 and 3). 

Table 2 Results of efficiency criterion calculation 

Lubricant Efficiency criterion эфК  

Quakerol 671 1 

Mineral oil I-20 6.85 

Emulsol Т-5 % 1.71 

Mobil Rolling - 5 % 1.87 

Green Engineer - 5 % 2.87 

Efirol 7/15 - 5 % 2.46 

Efirol VP - 5 % 1.34 

АКТО - 5 % 1.64 

 
Fig. 1 Values of complex efficiency criterion for technological lubricant s 
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Considering that Quakerol-671 in comparison with other technological lubricants, as per conditions of the 

methodology will be the best - reference lubricant, following shall be received (Table 2). 

Lubricants that are more effective, than the reference, value of KEff have to be less than 1 - there are no such 

lubricants in the assessment, less effective ones - more than 1. It is possible to classify lubricants Efirol VP-5 

%, AKTO - 5 % and Emulsol-T 5 % to them. Their criteria of efficiency are 1.34; 1.64 and 1.71 

correspondingly. This is explained by the fact that considered lubricants have rather low values of basic 

friction tension that promotes good lubrication ability. 

It is possible to classify, according to assessment, lubricant Mineral oil I-20 as the worst lubricant, its 

complex efficiency criterion is 6.85 times more than at the reference lubricant Quakerol 671. 

At the calculation of power parameters of rolling it was revealed that at application of Quakerol 671 lubricant 

values of forces and capacities of rolling have the minimum values in all passes. That is explained by higher 

viscosity of this lubricant (55 mm2/S) in comparison with other lubricants, and, therefore, the smallest friction 

coefficient (from 0.26 to 0.28 at Quakerol 671, and from 0.27 to 0.32 at other lubricants) (Fig. 2, 3). 

       

     Fig. 2 Graph of forces distribution pass by pass     Fig. 3 Graph of power distribution pass by pass 

    with different technological lubricant s application    with different technological lubricant s application 

It was also revealed that rolling with application of lubricant Mineral oil I-20 and Green Engineer-5 % is 

impossible at selected reduction since forces in the last pass exceed the maximum admissible force by 6.86 

and 2.02 kN respectively, or by 27.44 and 8.08 %, and admissible excess of force is around 4-6 %. 

The closest lubricant on properties and quality to lubricant Quakerol 671 is technological lubricant Efirol VP-5 

%. It is proved also by similar results of assessment on forces and rolling capacities. Therefore, technological 

lubricant Efirol VP-5 % can be well used as substitute of Quakerol 671 lubricant. 

CONCLUSION 

1) The methodology of technological lubricants for cold rolling of sheets by means of complex efficiency 

criterion is described. 

2) The assessment of technological lubricants, used now or once tested at the strip cold rolling mill 1700 

in the conditions of ArcelorMittal Temirtau JSC is carried out. 
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3) It was revealed that there are no lubricants observed being more effective than the reference - 

Quakerol 671. It is possible to classify following lubricants to the less effective lubricants: Efirol VP-5 

%, AKTO - 5 % and Emulsol-T 5 %. Criteria of efficiency for these lubricans are 1.34; 1.64 and 1.71 

respectively. 

4) It is possible to classify lubricant Mineral oil I-20 as the worst one, complex criterion of efficiency for 

which is 6.85 times more than at the reference lubricant Quakerol 671. 

5) The influence of various technological lubricants on technological parameters at rolling at the mill 1700 

of ArcelorMittal Temirtau JSC is investigated. 

6) The closest lubricant on properties and quality to lubricant Quakerol 671 is technological lubricant 

Efirol VP-5 %. It is proved by similar results of assessment on forces and rolling capacities. 
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STEEL FOR SPHEROIDIZATION OF CARBIDES 
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Abstract 

In accordance with the current trends of economic savings efforts are also being made in the field of heat 

treatments to find new procedures leading to a reduction of manufacturing costs [1-3]. One option is the ASR 

process (Accelerated Spheroidization and Refinement) [4]. This is a progressive method of thermo-

mechanical treatment with incremental deformation at a temperature around Ac1. Application of ASR leads 

to a spheroidization structure with distributed carbides in significantly shorter times than with conventional 

heat treatments. The experiment deals with the optimization of the ASR process on 54SiCr steel with ferrite-

pearlite initial microstructure including pearlite of lamellar morphology. The influence of strain and cold 

deformation on breaking the lamellar pearlite structure at a temperature of 700°C was determined. Then the 

influence of the length of the hold after deformation at temperatures of 680 and 700°C was described. It was 

found that increasing holding time from 100 - 1000s at the deformation temperature has a positive influence 

on the recrystallization and distribution of spheroidized carbides. The recrystallized structures with ferrite and 

uniformly distributed spheroidized carbides were obtained after gradual adjustment. Hardness of this 

structure was only about 260 HV10 in comparison with the initial lamellar structure with 283 HV10. 

Keywords: carbide spheroidization, thermo-mechanical treatment, 54SiCr, ASR 

1. INTRODUCTION 

Spheroidization of the structure of steels with lamellar pearlite morphology is one method for improving 

formability and machinability of a semi-product to be used for cold forming or machining. Soft annealing is 

the traditional method for attaining globular pearlite morphology. The long holding time at or below the Ac1 

temperature is characteristic for this kind of heat treatment. The length of this holding time presents a 

significant energy burden which is the main reason for the replacement of this process with a more effective 

one, for example ASR (Accelerated Spheroidization and Refinement) [5,6]. This progressive method of low 

temperature thermo-mechanical treatment achieves at least the same results as in the case of soft annealing 

though with distinctly shorter times. This is achieved thanks to strain energy introduced at temperatures near 

Ac1. This introduced strain energy supports the carbide spheroidization process and also the refinement of 

the ferrite matrix.  

2. EXPERIMENT 

The main aim of the experiment was to optimize the parameters of the ASR process. The influence of the 

cold deformation before the heat treatment and also the influence of the holding time during the heat 

treatment on the pearlite spheroidization and the structure refinement were observed. The resulting 

structures were analyzed with laser confocal and scanning electron microscopy. The mechanical properties 

were measured using hardness testing and the tensile testing. 
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2.1 Experimental material  

The experiment was performed on spring steel 54SiCr with an increased silicon content. This steel has an 

initial ferrite-pearlite structure with lamellar pearlite morphology. The yield strength of the initial structure is 

561 MPa, the ultimate strength is 964 MPa, the ductility A5mm is 23 % and the hardness HV 10 is 283. 

Because of the design of the carbide spheroidization process it is necessary to know the Ac1 temperature. 

This value was checked using dilatometric measurements for the different heating rates - 5, 20 and 30 °C/s, 

the corresponding temperatures for those speeds were Ac1 = 707, 711 a 720 °C (Table 1).  

Table 5 Chemical composition 54SiCr (ČSN 41 4260) [w. %] and Ac1 temperatures for different heating 

rates 

C Mn Si Cr Ni Cu P S 
Ac1 [°C] 

5°C/s 20°C/s 30°C/s 

0.5-0.6 0.5-0.8 1.3-1.6 0.5-0.7 max. 0.5 max. 0.3 max. 0.035 max.0.03 707 711 720 

2.2 The experimental programme 

The whole ASR process was gradually optimized in several steps. In previous research it was found that the 

best deformation temperature for spheroidization and ferrite grain refinement in the case of 54SiCr steel is 

700°C with holding time 10 sec. The deformation is in two steps - tensile/compression ( = 0.3+0.54). For 

the support of the spheroidization and the structure recrystallization a holding time of 100 s was included. 

The yield strength 614 MPa, ultimate strength 924 MPa, ductility A5mm 14 % were obtained after this heat 

treatment [7].It was necessary to find the effects of the other parameters on the development of the 

spheroidization and refinement of the structure, which would lead to further influences, shortening and 

understanding of the entire ASR process. The influence of the strain energy imparted into the material in the 

cold state on the breaking of the lamellar perlite structure was observed in the following experimental steps. 

Further, the effect of the temperature holding inserted after the heat deformation in support of the carbide 

spheroidization and the recrystallization of structures was evaluated. The thermo-mechanical treatment 

process was performed on a thermo-mechanical simulator which enables accurate measurement and strict 

regulation of the parameters.  

Influence of the cold deformation 

The first part of the experiment verified the possibility of breaking the lamellar pearlite by incremental cold 

deformation. For this purpose three strategies for treatment with compression were designed; (= 0.2), 

tensile (= 0.17) and tension/compression ( = 0.17+0.3) deformations. Heating to 700°C (20°C under Ac1) 

followed after the deformation. The heating rate was 30 °C/s and the holding time at this temperature was 

100 s. To supplement this optimization step, the combination of cold compression deformation ( = 0.2) and 

tensile/compression deformation (= 0.3+0.54) at 700 °C was tried ( 

 

 

 

Table 6). It was mainly determined how the hot deformation is able to support the defragmentation of 

pearlite and refinement of ferrite grains. The larger compression component was chosen to delay fragmented 

cementite bodies and their uniform distribution in the ferrite matrix. For the precise description of the 

influence of cold deformation only the variant with hot deformation was tried. After 10 s holding at 700°C the 

tension/compression deformation (0.3+0.54) was inserted. 
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Table 6 The influence of the cold deformation change, the influence of hot deformation 

Influence of the holding time at the deformation temperature 

In the next step of the experiment the influence of the holding time after hot deformation was examined. The 

holding time length should result in homogenous dispersion and spheroidization of the defragmented 

carbides and recrystallization of the deformation structure. The effect of the holding time was verified in a 

two-step logarithmic tension/compression deformation φ = 0.3+0.54 at 700 °C because this regime had the 

best results in the previous part of the experiment. The length of the holding time was between 100 and 

1000s (Tab. 3). The same strategy was also verified on the regimes with the decreased heating and 

deformation temperature - 680 °C. To verify the influence of the holding time after deformation, a regime 

without a holding time was also performed. The deformation was followed by air cooling.   

Table 7 The influence of the holding time at the deformation temperature and decrease of the heating 

temperature  

3. DISCUSSION OF RESULTS 

3.1 Influence of the cold deformation 

Cold deformation 
Heating 

temperatu

re [°C] 

Holding 

time [s] 

Hot deformation Mechanical properties 

Number of 

deformation 

steps 

φ [-

] 

Number of 

deformation 

steps 

φ [-] 

Holding after 

deformation 

[s] 

Rp0,2 

[MPa] 

Rm 

[MPa] 

A5mm 

[%] 
HV10 

1(compression) 0.2 700 110 - - - 678 947 22 273 

1(tension ) 0.1

7 
700 110 - - - - - - 275 

2 (tension / 

compression ) 

0.1

7+

0.3 

700 110 - - - - - - 293 

-  700 10 
2 (tension/ 

compression 

) 

0.3+0

.54 
100s 614 924 14 262 

1( compression ) 0.2 700 10 
2 (tension / 

compression 

) 

0.3+0

.54 
100s 598 879 18 265 

Temperature of 

deformation 

[°C] 

Heating 

rate 

[°C/s] 

Holding 

time 

[s] 

Number of 

deformation 

steps 

φ [-] 

Holding time 

after 

deformation [s] 

Mechanical properties 

Rp0,2 

[MPa] 

Rm 

[MPa] 

A5mm 

[%] 
HV10 

700 30 10 

2 ( tension/ 

compression ) 

0.3+0.54 100 614 924 14 262 

700 30 10 0.3+0.54 300 603 924 13 273 

700 30 10 0.3+0.54 500 554 853 15 265 

700 30 10 0.3+0.54 1000 546 852 14 257 

700 30 10 0.3+0.54 - - - - 297 

680 5 10 0.3+0.54 100 580 925 9 293 

680 5 10 0.3+0.54 1000 541 865 15 273 
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In the case of the regime with the compressive cold deformation φ = 0.2 and the following heating to 700°C 

and the holding time 110s the ferrite-perlite structure was obtained. The lamellar morphology remained and 

only a small degree of their spheroidization and fragmentation was observed (Fig. 1). The hardness HV10 of 

this structure was 273. This treatment achieved a yield strength of 678 MPa, and an ultimate strength of 

947 MPa.  

 
Fig. 1 Cold deformation - compression - (φ = 0.2) 

700 °C - 110 s, SEM 

 
Fig. 2 Cold deformation - tension (φ = 0.17) 

700 °C - 110 s, SEM 

With the change of character of cold deformation from compression to tension with a value φ = 0.17 (Fig. 2) 

and the combined tension/compression cold deformation φ = 0.17+0.3 there was no observed significant 

change in the pearlite structure as in the case of compression with cold deformation. In the case of the two-

step deformation the hardness increase to 293 HV10 was observed. These results show that the inclusion of 

the cold deformation before heat treatment does not contribute to the fragmentation and spheroidization of 

the cementite. The introduced deformation energy is not sufficient for the start of these processes during this 

type of low temperature treatment.  

 
Fig. 3 Cold deformation - compression 

(φ = 0,2) - 700 °C - 2x def. (φ = 0.3+0.54) - 

100 s, SEM 

 

Fig. 4 Hot deformation - 700 °C - 2x def. 

tension/compression (φ = 0.3+0.54) - 100 s, SEM 

The combination of the cold deformation (compression φ = 0.2) and the hot deformation (φ = 0.3 + 0.54) at 

700 °C showed better results. With the inclusion of the deformation energy at 700 °C, the temperature 

increased to 730 °C and this value is higher than Ac1. This treatment caused modest dilution and distancing 

of the carbide particles which largely preserved the lamellar character (Fig. 3). The hardness also decreased 

to 265 HV 10. A partial change to the cementite morphology led to a decrease of the ultimate strength to 879 

MPa and yield strength to 598 MPa.  

In the case of the regime with only hot deformation tension/compression φ = 0.3+0.54 at 700 °C, the 

structure was significantly refined, fragmented and the carbides distances were bigger. The introduced 

deformation increased the sample temperature to 755 °C. The cementite shapes were mainly spheroid and 

homogenously dispersed inside the ferrite grains (Fig. 4). In some parts the spheroidization was not 

complete. The structure hardness was 262 HV 10. The significant spheroidization, ferrite grain refinement 

55mm  55mm  

55mm  55mm  
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and homogenous dispersion of the carbides were observed in the entire cross section. These results led to 

increasing the ultimate strength to 924 MPa and yield strength to 614 MPa. 

Influence of the holding time at the deformation temperature 

In the second experimental part the influence of the temperature holding time on the spheroidization process 

and structure recrystallization were observed. Because in the experimental programme it was tried to find the 

least energy-intensive treatment and simulated the different heating possibilities, two different heating 

temperatures were tried - 700 °C (heating rate 30 °C/s) and 680 °C (heating rate 5 °C/s). After 10 s holding 

time the two-step deformation tension/compression φ = 0.3+0.54 was performed. The different holding times 

at the temperatures between 0 and 1000 s were tested (Table 3). For the heating temperature 680 °C the 

lower heating rate was chosen due to the decrease of Ac1 temperature to 707 °C. Because the short 

exceeding of the Ac1 temperature during the heat treatment positively affects the spheroidization process 

and also recrystallization, this temperature was exceeded by inserting the deformation and the temperature 

were increased to 730 °C. The prolongation of the holding time at the deformation temperature from the 

previous 100 s to 300s did not show any changes in the structure for the regime with two-step 

tension/compression deformation at 700 °C. The structure contained relatively equally dispersed carbides in 

the ferrite matrix (Fig. 5).  

With the further prolongation of the holding time at the deformation temperature to 500 s the structure was 

fully recrystallized ferrite matrix containing spheroidized but less evenly distributed carbide formations (Fig. 

6). The hardness value for this structure was 265 HV10. After the holding time of 1000 s the recrystallized 

ferrite matrix was obtained but this structure contained visibly coarse carbides along the ferrite grain 

boundaries (Fig. 7). This longest holding time led to the decrease of the hardness to 257 HV10. Without the 

holding time after the deformation, the structure was distinctly deformed and alignment is disturbed (Fig. 8). 

The hardness value increased to 297 HV10. 
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Fig. 5 Hot deformation - 700 °C - 2x def.  

tension/compression (φ = 0.3+0.54) - 300 s, SEM 

 

Fig. 6 Hot deformation - 700 °C - 2x def.  

tension/compression (φ = 0.3+0.54) - 500 s, SEM 

  

 

Fig. 7 Hot deformation - 700 °C - 2x def. 

tension/compression (φ = 0.3+0.54) - 1000s,SEM 

 

Fig. 8 Hot deformation - 700 °C - 2x def. 

tension/compression (φ = 0.3+0.54) - 0s, SEM 

In the next step the heating temperature was decreased to 680 °C. In this case the two-step 

tension/compression deformation with the following holding time 100 or 1000 s was applied. In the case of 

the 100 s holding time the resulting very fine and aligned ferrite structure contained fragmented, partly 

spheroidized carbide formations with hardness 293 HV10 (Fig. 9). The increase of the holding time to 1000 s 

brought only partial elimination of alignment and more homogenous spheroidized cementite distribution. The 

hardness value decreased to 273 HV10. 

The mechanical properties were also influenced by the gradual prolongation of the holding time. At the 

heating temperature 700 °C with the holding time longer than 500 s the ultimate strength distinctly 

decreased. This value was 924 MPa with the holding time 100 s but only 852 MPa with the holding time 

1000 s (Table 3). For the yield strength the same trend was observed. For the heating temperature 680 °C 

only two holding times were observed, the prolongation from 100 s to 1000 s caused the decrease of the 

ultimate strength value by about 60 MPa (Table 3). 

 
Fig. 8 Hot deformation - 680 °C - 2x def. 

tension/compression (φ = 0.3+0.54) -100s, SEM 

 
Fig. 9 Hot deformation - 680°C - 2x def. 

tension/compression (φ = 0.3+0.54) -1000s, SEM 
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This part of the experiment shows that to support the spheroidization of fragmented carbides it is necessary 

to add at least a short holding time. The pronounced increase of the holding time at the deformation 

temperature can remove the structure alignment but at the same time causes a coarsening of the carbides 

and deterioration of mechanical properties. 

CONCLUSION  

The experiment investigated the influence of low-temperature thermo-mechanical treatment - the ASR 

process on the structural development in 54SiCr steel. The influence of cold deformation before the ASR 

process and also the influence of the holding time after deformation at the temperatures 680°C and 700°C 

were observed. The holding time was inserted to support the spheroidization process and refinement of the 

structure. The first experimental part showed that insufficient cold deformation (compression φ = 0.2, tension 

φ = 0.17, tension/compression φ = 0.17+0.3) before heat treatment does not contribute to the cementite 

fragmentation and spheroidization. The tension/compression deformation φ = 0.3+0.54 at 700°C after cold 

compression deformation φ = 0.2 caused partial change of cementite morphology. This change of structure 

caused a different ultimate strength of 879 MPa and yield strength of 598 MPa. The regime with the 

tension/compression deformation φ = 0.3+0.54 at 700°C with the following holding time 100 s guaranteed the 

biggest structure refinement and the carbide formations were fully spheroidized. The value of the ultimate 

strength was 924 MPa and the value of the yield strength was 614 MPa.  

The experiment verified that holding time at the deformation temperature is necessary to support the 

spheroidization of the fragmented carbide formations. This holding time affects the carbide spheroidization 

and also the recrystallization of the deformed structure. A ten-fold increase of holding time from 100 to 1000 

s caused the coarsening of the carbides and also the ferrite matrix. The structural changes also influenced 

the mechanical properties, the holding time prolongation caused the decrease of the ultimate strength from 

924 (100 s) to 852 MPa (1000 s) and yield strength from 614 to 546 MPa. The deformation at 680°C showed 

a similar trend, the longer holding time partly supported the recrystallization process and led to a decrease of 

the ultimate strength by about 60MPa. 
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ANALYSIS OF THE QUALITY OF HOT-ROLLED STEEL FOR SIDE-MEMBERS 
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Alexandr VIVENTSEV  
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Abstract  

In view with the transition to the use cast slabs at rolling shops of JSC «ArcelorMittal Temirtau», studied 

mechanical properties of rolled steel grade 20GYuT which going to manufacture critical parts KAMAZ. The 

mechanical properties of steel produced from continuous slabs are in a narrower band and share their 

compliance is higher than steel produced from rolled slabs. However, only from the measured parameters 

can not be evaluated the quality, as they characterize the various properties that are usually not correlated 

and have a different dimension. For a more complete and objective assessment of quality of manufactured 

metal products was used methods for quantifying assessment the quality, which known from qualimetry 

allowing to express in one number all different properties of product. As a single indicators of quality takes 

into account the mechanical properties: tensile strength and yield strength, relative elongation and hardness 

(HRB). Weighting coefficients α were distributed evenly, making each indicator 0.25. Were drawn for each 

sample profile and it calculated the complex quality. Qualimetric methods was evaluated the quality of hot-

rolled sheet, produced from continuous casting steel slabs on 20GYuT HRM-1700. Quality hot-rolled sheet 

profiles 5 mm, 6 mm, 7 mm and 8 mm corresponds to a good level of the empirical scale of desirability. 

There were no significant differences in quality sheet different profiles have been identified. 

Keywords: hot rolling, quality, sheet metal, cast slabs, mechanical properties 

1. INTRODUCTION 

Flat strip product made of light alloyed steel 20GYuT, produced at ArcelorMittal Temirtau JSC, is used for 

manufacturing of side-members   of KAMAZ cargo trucks. 

Due to the transition to cast slabs there appeared the need to investigate mechanical properties of strip 

made of steel 20GYuT going for manufacturing of side-members   of KAMAZ trucks. There were 72 lots of 

hot rolled strip studied made of steel 20GYuT, rolled at continuous hot rolling mill 1700 from cast slabs, 

including thicknesses: from 3 mm to 4 mm - 9 lots; from 4 mm to 6 mm - 10 lots; from 6 mm to 8 mm - 10 

lots; more than 8 mm - 43 lots. For comparison there were data used from previously held researches of 

mechanical properties of 255 lots of hot rolled strips, steel grade 20GYuT, rolled at continuous hot rolling mill 

1700 from cast slabs, including thicknesses: from 3 mm to 4 mm - 21 lots; from 4 mm to 6 mm - 51 lots; from 

6 mm to 8 mm - 35 lots; more than 8 mm - 148 lots. 

2. ANALYSIS OF MECHANICAL PROPERTIES OF HOT-ROLLED STEEL 

Data on mechanical properties, obtained as a result of tests, were subjected to static processing including 

check for existence of errors, compliance with the normal law of distribution, definition of basic static 

characteristics of selections, etc. [1]. Fragments of results from static data processing are given in Tables 1 

and 2. 
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Table 1 Results of mechanical tests on the strip from 3.0 mm to 4.0 mm thick 

В Т  

MPa Occasion frequency, % MPa Occasion frequency, % % Occasion frequency, % 

1st group of steels 

450 4.76 330 4.76 26 4.76 

460 4.76 340 9.52 27 9.52 

470 9.52 350 19.05 28 14.29 

480 9,52 360 14.29 29 14.29 

490 4.76 370 19.05 30 14.29 

500 28.57 380 19.05 32 4.76 

2nd group of steels 

480 20 360 20 29 20 

485 20 365 40 30 20 

490 20 375 20 31 20 

500 20 385 20 32 40 

Note: SВ = 24.24 MPa, SТ = 17.86 MPa, S = 3.45 % for ingot metal; 

SВ = 12.04 MPa, SТ = 10 MPa, S = 1.30 % for continuously cast metal. 

Table 2 Results of mechanical tests on the strip from 4.0mm to 6.0mm thick 

В Т  

MPa Occasion frequency, % MPa Occasion frequency, % % Occasion frequency, % 

1st group of steels 

420 1.96 310 1.96 21 1.96 

430 1.96 320 7.84 22 1.96 

440 1.96 330 11.76 26 11.76 

450 3.92 340 15.69 27 13.73 

460 9.8 350 15.69 28 3.92 

470 3.92 360 9.8 29 11.76 

2nd group of steels 

455 10 330 10 25 10 

485 40 350 20 26 20 

495 10 360 40 27 10 

505 20 370 10 28 10 

515 10 380 10 29 10 

525 10 400 10 30 20 

Note: SВ = 41.21 MPa, SТ = 35.67 MPa, S = 3.66 % for ingot metal; 

SВ = 18.47 MPa, SТ = 17.16 MPa, S = 2.37 % for continuously cast metal. 

In notes to Tables 1 & 2 by means of 
B

S , 
T

S , S  there were average standard range deviations of yield 

strength B , yield stress T , relative elongation . In these tables there is also 1st group of steels integrating 
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properties of hot rolled strips, produced from rolled slabs, 2nd group - properties of hot rolled strips, produced 

from cast slabs. 

At Figs. 1-2 there are charts submitted of studied sizes distribution for profile selections of more than 8 mm 

thick. 

The analysis of the most representative data in the volume for rolled strip of more than 8 mm thick shows the 

following: 

a) for hot rolled strips produced from rolled slabs (1st group of steels): 

 Т fluctuates from 255 to 415 MPa, share of compliance to standard requirements (not less than 245 

MPa) - 100 %; 

 В fluctuates from 405 to 565 MPa, share of compliance to standard requirements (370-480 MPa) - 67 

%; 

  fluctuates from 18 % to 35 %, share of compliance to standard requirements (not less than 26 %) - 

67 %; 

b) for hot rolled strips produced from cast slabs (2nd group of steels): 

 Т fluctuates from 290 to 340 MPa, share of compliance to standard requirements (not less than 245 

MPa) - 100 %; 

 В fluctuates from 400 to 500 MPa, share of compliance to standard requirements (370-480 MPa) - 93 

%; 

  fluctuates from 23 % to 36 %, share of compliance to standard requirements (not less than 26 %) - 

93 %. 

Thus, mechanical properties of the rolled strip produced from continuously cast slabs, are in narrower limits 

and the share of their compliance to standard requirements is 26 % higher (В and ), than for rolled strip 

produced from rolled slabs. 

Along with the improvement of mechanical properties of hot rolled sheet produced from cast slabs, in 

comparison with sheet, produced from rolled slabs, the prime yield increased, rejection of the metal to the 2nd 

grade due to torn edges, blister, folded edges, telescope, non-flatness was decreased. 

0

5

10

15

20

255 275 295 315 335 355 375 395 415

yield stress, MPa

o
c
c
a
s
io

n
 f

re
u

e
n

c
y

, 
%

 

Fig. 1 Histogram of Т distribution for strip of more than 8.0 mm thick from rolled metal 
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Fig. 2 Histogram of В distribution for strip of more than 8.0 mm thick from rolled metal 

Basic quality indicators of hot rolled strip, produced within the year on two technologies (from ingot rolled and 

continuously cast slabs) are presented in the Table 3. 

Table 3 Quality indicators of hot rolled strip 

Parameter Ingot metal Continuously cast metal 

Rolled output, t 1737912 314091.34 

Prime yield, % 93.73 97.2 

Rejection, %: 6.27 2.8 

including   

- on steel defects 2.89 0.03 

 - on rolling defects 3.38 2.77 

Other parameters of technological process were improved: metal burn in reheating furnaces, metal waste 

with head and tail trimming of rolled ends at flying scissors, consumption index were decreased. 

Following the results of researches carried out at passing of balance heats on the repartition of Continuous 

casting machine - Hot strip mill, burn of metal was 19.39 kg/t (22.0 kg/t according to the business plan), 

metal scrap with head and tail trimming of 4.31 kg/t (5.5 kg/t according to the business plan), consumption 

index of 1.024 kg/t (1.029 kg/t according to the business plan). 

However, it is impossible to estimate the quality unambiguously only on the basis of measured indicators 

since they characterize various properties which usually aren't correlated and have various dimensions. 

Therefore receiving of one quality indicator within demanded limits does not guarantee at all the performance 

of other indicators. Besides, optimization of technological process demands the existence of one criterion. In 

these conditions for improvement of rolling technology and reliable assessment of rolled strip quality for the 

purpose of its improvement it is necessary to use complex quality indicators developed in the qualimetry [2]. 

Therefore it was decided to estimate also the quality of hot-rolled strips of 20GYuT grade, currently produced 

from continuously cast slabs at Hot strip mill from qualimetry positions. 

3. METHOD OF THE QUALIMETRICAL ASSESSING OF QUALITY  

The problem of development of complex criterion for sheet quality can be solved on the basis of following 

qualimetry principles [3]: 1) quality of product is the hierarchical set of properties required by the customer, 
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and general (complex) properties settle down mostly at the bottom levels in relation to less general (simple) 

ones; 2) complex assessments of quality are calculated on the measured values of simple properties (by 

means of their comparison with certain standards); 3) complex assessments of quality are defined in such a 

way that properties, different in the nature and measured by various physical methods, could be compared 

among themselves, i.e. they are brought to one scale; 4) requirements stated in standards (GOST, OST, TU, 

etc.) should be the basic requirements to the quality (standards); 5) statistical approach should lie at the 

heart of quality assessments values determination; 6) the quality assessment should have the concrete 

numerical value reflecting the condition of the object. 

In relation to metal working products for the vast majority of qualimetry objects indicators of quality properties 

usually settle down at three hierarchical levels. 

At the top level (i = 2) rated indicators of Rij of simple rij properties are situated, having ponderability 

coefficients αij, where i - level number; j - property number. Thus following conditions shall be satisfied: 

; 1
1

1

,
l nij

nij ij
jlij

j

  




           (1) 

where lij - indexes of standard ponderability, stated by means of expert method for the subset of simple 

properties rij. 

Second hierarchy level of properties (i = 1) is allocated for differential indicators of complex properties 

* ( )ij ijk F R with ponderability coefficients 
* *

*
( 1,2,..., )

ij
j q  . Finding of differential indicator of quality is 

reduced to rationing of natural values of this property and its subsequent processing according to the double 

indicative distribution law of Harrington. For this hierarchical level following conditions should be satisfied: 

*

1

l qij** *
a = ; a = ;q ijij* j*=1lij

j*=1





 kij* = exp[-exp{-Yij
*
 [rij, Аij]}],      (2) 

where lij - has the meaning similar to lij , but it is used for the subset kij*; Аij - empirical constants (j = 1…q).  

For parameters, situated at the zero hierarchical level (i = 0), complex quality indicator  K0 is defined by 

summation of differential indicators: 

*

* *

* 1

.
q

O ij ij

j

K k


             (3) 

Empirically coefficients for formulas for determining the Аij empirical constants, are received as a result of 

mathematical treatment of experimental data and it more fully described in the source [4].  

4. RESULTS AND ITS DISCUSSION 

In this work the problem of qualimetrical assessment of hot rolled sheet quality made from continuously cast 

slabs of steel 20GYuT from 5 mm to 8 mm thick, was solved. 

As single indicators there were mechanical properties considered: yield strength В and yield stress Т, 

relative elongation  and hardness HRB. Ponderability coefficients α were distributed evenly, being equal to 

0.25 for each indicator. Selections for each profile-size were made and complex quality indicators were 

calculated for them. Results of primary statistical treatment of complex hot rolled sheet quality indicators 

selections are given in Table 4. 
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Table 4 Indicators of complex hot rolled strip quality indicators statistical distributions 

Parameter 
Strip thickness 

5 mm 6 mm 7 mm 8 mm 

Average value of К0СР 0.72 0.72 0.71 0.72 

Standard error 0.01 0.01 0.01 0.00 

RMS error 0.03 0.02 0.04 0.05 

Dispersion 0.00095 0.00062 0.00171 0.002723 

Minimal value of К0MIN 0.67 0.69 0.55 0.42 

Maximum value of К0MAX 0.80 0.76 0.75 0.91 

From the comparison of average values of complex indicator of К0СР follows that quality of hot rolled metal 

produced from continuously cast slabs of steel 20GYuT in compliance with an empirical scale of desirability 

corresponds to “good” mark. Thus the difference between average strip quality values of various thickness 

doesn't exceed 0.01. Strips of smaller thicknesses have the best quality that is explained by better treatment 

of metal structure at high degrees of deformation and respectively bigger isotropy of its properties. 

CONCLUSION 

Due to the transition to cast slabs mechanical properties of hot rolled strip made from steel 20GYuT, going to 

manufacturing of side-members of KAMAZ trucks are investigated. Mechanical properties of rolled strip 

produced from continuously cast slabs are within narrower limits of fluctuations and the share of their 

compliance to standard requirements is higher, than for the rolled strip produced from ingot slabs. 

By means of qualimetrical methods quality of hot rolled strip made from continuously cast slabs made of 

steel grade 20GYuT at continuous hot rolling mill 1700 was estimated. Quality of hot rolled strips of 5 mm, 6 

mm, 7 mm and 8 mm thick corresponds to good level as per empirical scale of desirability. There are no 

essential differences revealed in the quality of sheets with different thickness. 
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Abstract 

Various methods of getting of ultrafine-grained structure of metals by means of intensive plastic deformation 

method are considered. Their advantages and disadvantages are determined. The solution of discussed 

problems by means of integration into one process of screw rolling and equal channel angular pressing is 

proposed. 

Combination of these processes allows the realization of strain-stressed state with the intense shift of metal 

surface layers at screw rolling in the first deformation site and integration of intense shift deformation of 

angular pressing with torsion in the second deformation site. It creates very good conditions for formation of 

ultrafine-grained structure in round sample of unlimited length. Besides this, studying of parameters of 

angular pressing with torsion represents a certain interest. 

Advantages, disadvantages and prospects of this method application are shown. The example of final and 

element modeling of the offered scheme is given. Realization and bringing of this process to the industrial 

application will allow the receiving of high-quality round bar by means of continuous pressing. 

Keywords: ultrafine-grained structure, intensive plastic deformation, screw rolling, equal channel angular 

pressing, strain-stressed state 

1. INTRODUCTION 

One of actual problems of metallurgy and mechanical engineering is an increase of physical-mechanical 

properties of finished and semi-finished products. 

Traditional industrial processes of metals forming are directed mainly on the shape formation and 

technological effectiveness of processes, and level of mechanical properties is formed by means of 

corresponding steel grades. As a rule, metal materials after traditional ways of processing have coarse-

grained and/or sub-granular structure. At the same time, it is known that their ultrafine-grained (UFG) and 

nanostructural (NS) condition with grains size less than one micron and special condition of borders can 

considerably (by 2-3 times) increase the durability of technically pure metals and by 1,5-2 times - for alloys in 

combination with rather high plasticity [1-2]. 

Radical difference of metals hardening by crushing of their grain structure from the hardening by means of 

peening degree increase (processes of cold plastic deformation) is higher final plasticity of UFG and NS of 

materials. It means that correspondingly loaded detail won't collapse, but only will be deformed. Therefore 

the receiving of UFG and NS condition makes sense even for materials with rather small level of hardening. 

In the course of deformation the metal structure is, as a rule, crushed, however, the most effective way of 

structure crushing is the deformation by means of shift scheme implementation. Shift deformation can in 

different degree be realized by means of various metal forming processes modification and combination. 

So, for realization of intensive shift deformation with the subsequent crushing of grain and improvement of 

mechanical properties modifications of pressing process [1-3] are studied the most. Pressing in an equal 

mailto:kgiu@mail.ru


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

423 

channel angular matrix, with the help of high hydrostatic pressure provides favorable conditions for 

deformation and improvement of properties even for low-plastic materials [2]. 

2. HELICAL ROLLING 

2.1. Methodological bases 

One of equal-channel angular pressing (ECAP) options is the pressing in the stepped matrix, known, for 

example, from [2-3]. Distinctive feature of this method is the existence of two deformation centers and 

parallelism of entry and exit channel. 

However all known ways of ECAP has essential shortcomings - first, they do not provide process continuity 

that reduces the productivity, and second, they have the limitation by the amount of deformable bars. In 

particular, on length, as the length of initial bars is defined by the length of matrix entry and exit channels, 

which in its turn are limited by working space of used forging and stamping equipment. All this, despite 

significant advantages from the point of view of structure and properties formation in the processed material, 

limits the application of ECAP by only experimental and small-scale production. 

From the traditional ways of metal forming, allowing the receiving of long-scale products with considerable 

changes of microstructure it worth mentioning the helical rolling which is also known as radial shift rolling or 

simply as screw rolling. Feature of this type of rolling is the intense shift deformation of continuous round 

profiles usually at three roll screw rolling mills. Thus, bar before the entering of deformation center, in the 

course of rolling and at the exit from rolls carries out screw movement and all elementary volumes of metal 

lying on the axis of bar, also move by screw trajectories [4-5]. 

By means of helical rolling it is possible to produce high-quality profiles with high surface quality and 

essential smaller efforts, than at longitudinal rolling or extrusion. Radial shift rolling is distinguished by high 

shift deformations and radical local efforts that promote the rolling of hardly deformed materials [5]. 

2.2. Experimental part 

Owing to features of metal flow and stressed-deformed 

state at the screw rolling the greatest deformation, and, 

therefore, treatment of structure is received by external 

zones of the rolled bar. Thus in the central part stretching 

tension is created, that caused the application of this rolling 

type for stitching of pipe blank pieces for a long time. The 

model of the deformation center with stress types, 

demonstrating it, is developed in the Deform-3D complex 

program and is provided at Fig. 1. Thus, the bar rolled by 

this method has to have treated and crushed 

microstructure of external areas and more coarse-grained 

central part with possible micro- and macro-defects. 

Recently the tendency of various metals forming processes 

combination for getting of metal  

with the improved properties was outlined, with the using of 

combined processes advantages and bypassing, whenever 

possible, of their shortcomings [5]. 

Combination of helical rolling process and subsequent 

pressing in an equal-channel angular matrix allows the 

Fig. 1 Deformation center model at helical 

rolling with stress types 
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realization of stressed-deformed state scheme with intense shift of metal surface layers at screw rolling in the 

first center of deformation and association of intense shift deformation from angular pressing with the torsion 

in the second center of deformation. Thus the central part of bar, not treated in the first center of 

deformation, will be subjected to the intense treatment in the second center. It creates very good conditions 

for formation of ultrafine-grained structure in the round bar of unlimited length. Besides, the studying of 

angular pressing parameters with torsion represents certain interest. 

The offered scheme of combination will allow the getting of metal with set properties and structure by 

continuous method that will increase an economic efficiency of intense plastic deformation process in an 

ECAP matrix and will allow getting rid of friability in the central zone after screw rolling by means of ECAP. In 

fact, there is process of continuous pressing with elements of bar torsion in a matrix. 

The structure and process are shown at Fig. 2. Three-roll stand of helical rolling, characterized by the fact 

that three conic rolls rotating in one direction (1) are positioned in the housing in corners of an equilateral 

triangle, and their axes are located at an angle to each other and to the rolling axis, is combined with 

pressing matrix at the exit. The matrix (2) has three channels of identical cross section, two of them (entry 

and exit) are parallel to each other, and the medium channel is located at an angle θ to the entry and exit 

channels. 

 

1 - Conic rolls; 2 - stepped ECAP matrix; 3 - bar. 

Fig. 2  Scheme of combined process of helical rolling & ECAP 

2.3. Results and discussion 

Continuous pressing in this device is carried out as follows. Bar, being previously heated to the temperature 

of deformation beginning (3) is fed to work rolls which capture it by means of contact friction power and 

provide an axial component of rolling forces by means of rolls axes shift, and, therefore, progressive 

advance of rolled bar and is pushed through the exit from rolls via channels of equal-channel step matrix. 

Presence of medium channel in the matrix, located at an angle θ to entry and exit channels, allows the 

development of considerable shift deformations through whole volume of processed bar at small change of 

its initial sizes. At implementation of this scheme there is a partial rotation of a bar in the matrix that 

increases the total level of deformation. When bar completely leaves rolls, next bar is fed to them, which, 

having passed through rolls and coming into the matrix, pushes out earlier deformed bar from the matrix. 

The example of final element modeling of this combined process in the Deform-3D is shown at Fig. 3. There 

was matrix used for modeling with an angle 155º, AISI-1025 steel at the temperature of 1200ºC. 

Modeling shows the basic possibility of this process implementation under specified conditions. Further 

researches are required for determination of optimum process parameters. 

2 

1 

3 
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A) ..B).  

C) ..D).  

A) Graph of pressing force; B) Deformation intensity; C) Damage; D) Stresses 

Fig. 3 Example of combined process of helical rolling & ECAP modeling 

CONCLUSION 

Realization and bringing to industrial use of this process will allow the receiving of high-quality round bar in 

the process of continuous pressing. Transition to different profiles will be carried out by changing of matrix 

and distance between rolls, that is quicker and easier than the change of calibrated rolls. It is especially vital 

for small-scale productions where change of rolled profiles is often required. Besides, features of rolling 

stand allow the smooth regulation of reduction before the pressing that creates an additional flexibility in the 

management of process. 
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Fig. 1 Springback at bending 
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Abstract 

Springback at free bending still represents one of the basic problems for this technology. In paper is 

evaluated springback effect of steel S235 rods with rectangular cross-section and thickness 5 and 10 mm. 

For springback effect measurement was used contact-less optical system ARAMIS 2M. The amount of 

springback was evaluated in dependence on the bending angle within the range from 5° up to 30°. Gained 

experimental results were then compared with the theoretical calculations. 

Keywords: Springback, Bending, Steel, Photogrammetry, Optical System 

1. INTRODUCTION  

Springback of bended material has the greatest importance for the accuracy and the quality of bended parts 

which are produced by cold bending. At bended parts springback generates indispensable dimensional thus 

also shape deviations from the required shape. That is why there is a great effort to find out effective 

methods how to predict the amount of springback and its simple elimination in the industry. In this paper is 

evaluated the size of springback in dependence on the bending angle for flat steel rods by means of the 

contact-less optical measuring system ARAMIS 2M [1]. This evaluation method was then compared with the 

results from the theoretical calculations. The main effort of this paper was to explore possibilities arising from 

the suing contact-less deformation measurement optical system for springback analysis at bending.            

2. EVALUATION OF SPRINGBACK AT FREE BENDING 

2. 1 Springback at bending 

There is generated both the plastic (permanent) and the elastic (reversible) deformation at bending. After 

bending when there is no more loading from bending force have individual areas of bended part tendency to 

partially return to their initial positions. That is why there is commonly partial straightening of the bended part 

- see Fig 1. This process is called as springback. This 

phenomenon (springback) can be neglect in the case of the 

other forming technologies but has a great importance at 

bending. Springback is really very specific effect whose running 

and amount depends on many parameters as are e.g. 

dimensions of bended material, its mechanical properties, 

bending angle, bending method and so on. Due to such many 

parameters it is very difficult to make up general-purpose and 

easy-to-use prediction of springback or just to verify the specific 

springback value in the industry. There is a wide spread of 

many equations, calculations, nomograms and so on how to 

calculate springback. Theoretical approaches for springback 

calculations [2, 3, 4 ] include many criterions and also result 

mailto:pavel.doubek@tul.cz
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from the experimental knowledge and conclusions. However there is no any general-purpose formula or 

springback calculation which would has a sufficient accuracy and applicability for “all” bending methods, 

technologies and material up to date.     

2. 2 Experimental evaluation and calculation of springback 

In the paper is evaluated dependence of springback values at free bending for flat samples from material 

S235 by means of the contact-less optical measuring system ARAMIS 2M. Prepared samples from flats with 

thickness 5 and 10 mm and width 20 mm were bended in the jig by testing device TIRAtest 2300. The 

spacing of holds at bending was 69 mm - see Fig. 2. System ARAMIS 2M is using so-called patter (contrast 

stochastic pattern made on the sample surface by means 

of spraying black and white color) to detect change in 

sample geometry and shape. During bending of sample 

the system ARAMIS just detects displacements of the 

individual points (here called as facets) of stochastic 

pattern and thus computes the strain (the same is done for 

the sample unloading). The samples were loaded to the 

chosen stroke of machine (5, 10, 15, 20 and 25 mm) and 

after that immediately unloaded. There were recorded 

values of bending angle at loading and after unloading of 

samples. The measured springback values for the 

individual bending angles are shown in the Table 1 as the 

arithmetical averages from 3 measurements for every 

bending angle and are graphically summarized in the Fig. 

3. Individual bending angles are marked according to the 

used stroke (5, 10, 15, 20 and 25). 

Table 1 Evaluation of springback  

Measured springback angle Δα [⁰] 

Marking of sample 5 10 15 20 25 

Sample 5 mm 0.90 1.10 1.60 1.80 2.40 

Sample 10 mm 0.50 0.60 0.88 0.90 1.20 

 

 

 

¨ 

 

 

Fig. 3 Springback angle vs. Bending angle 

For the springback theoretical calculation were used two basic equations: equation (1) for the arrow sample 

(thickness 5 mm) and equation (2) for the wide sample (thickness 10 mm) [5]. 

Fig. 2. Bending and sample with pattern 

Fig. 2 Schema of Bending  
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                (1) 

            (2) 

 

Where M is the bending moment (according to TIRAtest 2300), l is the spacing of holds (69 mm), E is 

Young´s modulus, J is the second moment of area. Calculated values are summarized in Table 2.  

Table 2 Calculated values of springback  

Calculated springback angle Δα [⁰] 

Marking of sample 5 10 15 20 25 

Sample 5 mm 0.30 0.73 1.17 1.61 2.01 

Sample 10 mm 0.19 0.49 0.87 1.00 1.21 

2. 3 Evaluation of results  

Measured and calculated values of springback for both sets of samples were mutually compared. In the Fig. 

4 is shown mutual relation between these experimentally measured and calculated values of springback. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Springback angle vs. Bending angle 

In Table 3 are summarized numerical values of differences between calculated and measured springback 

values. These values are also completed with percentage differences. Experimentally measured values are 
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taken as binding values (100 %). From graphs in the Fig. 4 and from the Table 3 it is possible to make some 

conclusions. It is obvious that there is for both sets of samples (thicknesses 5 and 10 mm) increase in 

springback values with increasing bending angle. Such reality is proved both by the experimental 

measurement and by the theoretical calculation. From Fig. 4 is clear that there is higher springback for the 

thinner material (thickness 5 mm). The difference between two thicknesses is approx. by 30 % for the same 

values of the bending angle. 

Table 3 Comparison of springback values (experiment and calculation) 

Samples t = 5 mm Samples t = 10 mm 

Marking of 

sample 

Springback angle Difference Marking of 

sample 

Springback angle Difference 

Measure

d 

Calculated [%] Measure

d 

Calculated [%] 

5 0,9 0,30 66,7 5 0,5 0,19 62 

10 1,1 0,73 33,6 10 0,6 0,49 18,3 

15 1,6 1,17 26,9 15 0,9 0,87 3,3 

20 1,8 1,61 10,6 17 0,9 1,00 11,1 

25 2,4 2,01 16,3 20 1,2 1,21 0,8 

Average difference [ % ] 25,6 Average difference [ % ] 19,1 

Difference between measured and calculated springback values is in the Table 3 given by the percentage 

values. The maximal difference between measured and calculated values of springback is 19 % (samples 

with thickness 5 mm) and 26 % (thickness 10 mm) in average. The biggest differences between calculated 

and experimentally measured springback values were found for the lowest bending angle. This might be 

caused due to the used calculation because this difference is too high for the both sets of samples.       

3. CONCLUSION 

The main aim of the experimental part of this paper was to evaluate springback values by means of the 

contact-less optical system and reveal possibilities by using such system for analysis and evaluation of 

springback at bending. For tests were chosen samples with thicknesses 5 mm and 10 mm (width 20 mm) 

from the material marked as S235. Samples were gradually bended up to the values over 45°. From the 

results of springback were made obvious conclusions which proved the theoretical and literally presumptions 

[2, 4 ]. It is possible (and suitable from the achieved accuracy point of view) to carry out analysis of 

springback at free bending by means of the method and procedure described above. 

LITERATURE 

[1] <http://www.gom.com>, říjen 2011 

[2] Marciniak, Z.: Teorie tváření plechů. Praha: Státní nakladatelství technické literatury, 1964. ISBN 04-275-64  

[3] Romanovskij, V. P.: Příručka pro lisování za studena. Praha: Státní nakladatelství technické literatury, 1959 

[4] Holina, J.: Určení mezních stavů velikosti odpružení při ohýbání pevnostního plechu, [Diplomová práce]. Liberec: 

Technická univerzita v Liberci, 2003. 

[5] Forejt, M.: Teorie tváření. 2. vydani. CERM Akadem. nakl. Brno, 2004. 168 s. ISBN 80-214-2764-7 

 

http://www.gom.com/


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

431 

DEVELOPMENT OF MICROSTRUCTURE AND MECHANICAL PROPERTIES OF AUSTENITIC 

STAINLESS STEEL AFTER ECAP DEFORMATION 

Miroslav GREGERa, Ladislav KANDERb 

aVSB - Technical University Ostrava, Ostrava, Czech Republic, EU, miroslav.greger@vsb.cz,  
b Material and Metallurgical Research Ltd.,Ostrava, Czech Republic, EU, ladislav.kander@mmvyzkum.cz 

Abstract 

Cold and hot Equal-Channel Angular Pressing (ECAP) is an effective method to refine metallic grains. In this 

paper effect of ECAP technology on structure and mechanical properties including low cycle fatigue of 

austenitic stainless steel AISI 316 were studied. Effect of hot ECAP at 280 oC on grains refinement was 

investigated. Testing results show that the refinement of grains can not be infinitely increased with increasing 

of ECAP passes or total strain. Microstructure evolution was observed by transmission electron microscopy 

(TEM). Microstructure analysis shows that deformation led to the formation of grain subdivision inside 

deformation bands and the onset of new grains formation even after 2 ECAP passes. The deformation up to 

6 passes lead to the formation of recrystallized grains of the order of 100-250 nm size. Based on 

experimental results we can conclude that mechanical properties after ECAP show saturation at approx. 6 

passes that corresponds equivalent strain ~1.0 per pass (equivalent strain varied from 1.0 to 6). At presented 

condition of ECAP (isothermal ECAP condition at +280 °C) we can concluded that optimum number of 

passes for steel under investigation are between 4 and 6 passes. Effect of ECAP technology on low-cycle 

fatigue properties have been studied also, comparison of Manson-Coffin and cyclic stress-strain curves with 

virgin state of the steel under investigation have been carried out. 

Keywords: Steel AISI 316; ECAP, Mechanical Properties;  

1. INTRODUCTION 

It is well known a positive influence of ECAP technology on final material properties namely non ferrous 

metals as well as structural steel. However not many works is focused on study of structure and properties of 

stainless steel after that treatment. The ECAP technology makes it possible to obtain the grain size of 

several hundreds of nanometres. Materials with sub-micron size of sub-grains/grains (d = 0.1-1 m) are 

usually classified as ultra fine-grained materials. The ECAP method was so far unsuccessful at attempts of 

obtaining nanomaterials, i.e. materials with grain size under 0.1m. Characterisation of the fraction of sub-

grains formed by recovery and grains separated by high-angle boundaries, which are formed by re-

crystallisation, is very important for understanding the mechanisms of materials structure evolution at 

application of methods of extreme plastic deformation.  

This paper deals of possibility to use ECAP technology to elevated mechanical properties and refinement of 

structure of austenitic stainless steel AISI 316. Effect of ECAP on unconventional material properties such is 

low-cycle fatigue has been studied too. 

2. EXPERIMENTS 

A series of samples made of austenitic stainless steel AISI 316 was processed by the ECAP technology. 

Chemical composition of the steel under investigation is given in the Table 1 and mechanical properties in 

the Table 2. For ECAP process was prepared specimens with following dimensions:  12 mm, length  

60 mm. Various number of passes (between 2 and 6) [1, 2] of ECAP was applied on the each specimen. For 

ECAP technology a special die with hole diameter 12 mm and angle 105 o was used. Pressure in the forming 
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die varied around approx. 740 MPa. ECAP process has been carried out at working temperature about 

280°C. After ECAP forming specimens were taken from the formed samples for metallographic analysis and 

testing of mechanical properties. 

Table 1 Chemical composition of the steel, wt.  (%) 

C Mn Si P S Cu Ni Cr Mo 

0.03 1.64 0.18 0.011 0.007 0.06 12.5 17.6 2.4 

Table 2 Mechanical properties of the steel AISI 316 before ECAP ( 20 oC) 

Steel grade 
E  

 [GPa] 

Rp0.2 

 [MPa] 

Rm 

 [MPa] 

A  

 [%] 

Z  

[%] 

KV  

 [J] 
HB 

AISI 316 206 330 625 45 76 90 210 

For investigation of the effect of ECAP technology on low-cycles fatigue behaviour ten samples with various 

number if passes were prepared. Samples were subjected to different number of passes: 3 pieces had 4 

passes, 4 pieces had 5 passes and 3 pieces had 6 passes. Round test specimens 5 mm in diameter both for 

tensile and for low-cycle fatigue testing were manufactured from formed samples. Total length of above 

mentioned specimens were 55 mm [3, 4]. 

Tensile test were carried out at room temperature according to ASTM E 8 standard on servohydraulic testing 

machine MTS 100 kN in constant stroke movement control regime.  

Low cycle testing was carried out according ASTM E 606 on the same equipment as above in strain control 

regime. Amplitude of total deformation was the key factor for control of fatigue process. During the each test 

hysteresis loops were recorded to calculate elastic and plastic portion of deformation amplitude.  

3. RESULTS AND THEIR ANALYSIS  

3.1 Structure  

Structures were analysed from the viewpoint of the course of strengthening and restoring processes. Fig. 1 

documents deformed sub-structure of the steel AISI 316 after ECAP deformation by 2 to 6. Metallic matrix 

contained sub-grains of uneven size. Size of sub-grains was in most cases smaller than 0.1 m, only 

exceptionally some sub-grains/grains of the size of approx. 0.5 m were observed.  

 

 

 

 

 

 

 

 

 

 

 

                           a )                                                       b)                                                 c)  
Fig. 1 Structure of steel AISI 316 after ECAP. Logarithmic deformation: 2 (a), 4 (b) and 6 (c) 
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Density of dislocations in metallic matrix was very high, presence of particles of precipitate was not found. In 

cases when neighbouring grains showed approximately identical diffraction contrast, it can be expected that 

angle of disorientation is only several degrees, while in case of significant changes of contrast rather high 

angular disorientation is probable. Fig. 2 documents a diffraction pattern, which was obtained from the area 

with diameter of approx. 1 m. Occurrence of discontinuous circles and at the same time azimuthal blurring 

of diffraction traces evidences the fact that big amount of fine sub-grains/grains with more or less different 

crystallographic orientation was present in the investigated area. Austenitic matrix often contained 

deformation bands, which were formed during the ECAP deformation, see Fig. 1 and 2b. These deformation 

bands are formed along octahedral planes { 111 }  of austenitic matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

a)              b )             c) 

Fig. 2 Diffraction pattern and structure of steel AISI 316 after ECAP (log. deformation: 6)  

It was proved with use of electron microscopy that in majority of cases these are deformation twins, 

nevertheless, presence of distinct stretching of reflections intensity (streaking) in directions {111} * proves 

frequent occurrence of crystallographic defects in these formations [5]. Width of deformation bands was very 

variable. In some areas intersecting systems of deformation bands occurred, which were formed at several 

planes of the type {111} , see Fig. 2b and 2c. Points of intersection of deformation bands generally 

represent preferential points for formation of particles of '- martensite. However, electron diffraction analysis 

did not confirm occurrence of '- martensite in these areas [9]. Occurrence of '- martensite in investigated 

sample was not confirmed even by X-ray diffraction analysis. Deflection (deformation) of deformation bands 

was in many cases quite distinctly visible in pictures in light field. This evidences the fact that deformation 

bands formed during the ECAP deformation were further deformed during next passes. Sub-grains with high 

density of dislocations were usually aligned along deformation bands. 

3.2 Mechanical properties  

Table 3 summarizes results of tensile tests. Graphical presentation can be seen in the Fig 3. From the Fig. 3 

can be clearly seen effect of ECAP technology on yield stress and tensile strength. Both properties increase 

with number of applied passes. Effect of saturation after approx. 5 passes can be also clearly recognized. It 

should be notified that even after 6 passes material shows very good level of plastic properties (elongation 

as well reduction in area). Such behaviour is evident for fact that growth in yield stress and tensile strength is 

not only due to deformation strengthening. 
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Table 3 Mechanical properties of steel AISI 316 after ECAP 

Number of  

ECAP passes 

Rp0.2 

[MPa] 

Rm 

[MPa] 

E 

[GPa] 

A 

[%] 

Z 

[%] 

Initial state 330 590 190 60 85 

2  899 916 179 22 68 

3  970 998 180 15 60 

4 1063 1099 180 15 60 

5 1103 1140 182 15 60 

6 1110 1150 180 14 55 

 

 

 

 

 

 

 

 

 

Fig. 3 Effect of number of passes on strength properties of steel AISI 316 

Micro-structural condition for increase of strength properties in investigated steel is fine grain and its stability. 

Several methods for grain refining and limitation of its growth are known at present - phase transformations, 

re-crystallisation, big plastic deformations (deformation of alloys with duplex structure, distribution of phases 

in duplex alloys, dispersion segregated particles), etc. Selection of methods of grain refining and slowing of 

its growth is in individual cases given by state and properties of structure. Increase of strength properties in 

dependence on grain size is determined by the Hall-Petch relation: 

2/1

0

 dk yy          

  

where is the particle friction stress, and it is the yield stress for the limit  d  ∞, ky  is the slope of the line 

and it is known as the dislocation locking parameter, which represents the relative hardening contribution 

due to grain boundaries.  

For ordinary grade the following values are usually given  70 - 104 MPa and ky = 18.1 MPa mm1/2. 

3.3 Tests of low-cycle fatigue  

Samples after ECAP with number of passes between 4 and 6 were used for investigation of influence of the 

ECAP technology on fatigue properties of the steel AISI 316 especially on the low-cycle fatigue. Testing 

specimens for determination of the Manson - Coffin curve and cyclic stress-stress curve were prepared from 

samples after 4 to 6 ECAP passes. Comparison of low-cycle behaviour with virgin state of the steel under 
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investigation has been carried out. The aim was to determine effect of number of ECAP passes on shape 

and position of the Manson-Coffin curve and curve of deformation strengthening.  

Effect of ECAP technology on low-cycle behaviour has been studied using 10 specimens with various 

number of ECAP (3 samples after 4 passes and 6 samples and 4 samples after 5 passes) and 12 samples 

with initial structure. Test of low-cycle fatigue were performed according to the standard ASTM E 606 at 

laboratory temperature on servo-hydraulic testing equipment MTS 100 kN using constant amplitude of total 

deformation ac control. Tests of low-cycle fatigue were realised at constant strain rate ac = 4x10-3 s-1. 

Longitudinal deformation of tested specimens was recorded by the gage MTS 632-42C-11 with gage length 

12 mm.  

During loading of individual testing specimens hysteresis curves were read and recorded (dependence 

stress - deformation), from which after rupture of individual testing specimens the part of elastic (ael) and 

plastic deformation (apl) for Nf /2 was evaluated.  

After completion of each test the number of cycles till rupture Nf was recorded and from hysteresis curve for 

approximately N = Nf/2 for the chosen amplitude of total deformation ac there were read amplitude of plastic 

deformation apl, amplitude of elastic deformation ael and calculated amplitude of stress a. Manson-Coffin 

curves of service life were plotted from the obtained values, as well cyclic stress-strain curve. Curves of 

service life from experimental data can be expressed in mathematical form as follows: 

c

ff

b

f

f

plaelac NN
E

)()( 


 


                                                                                                     (2) 

From the equation (2) two parts for elastic as well as for plastic portion of total strain amplitude can be 

recognized. Two corresponding curves are plotted in Fig. 4 and 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Manson-Coffin curve apl - Nf   Fig. 5 Manson - Coffin curve ael - Nf 
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Fig. 6 Comparison of cyclic stress strain curves a  - apl 

To obtain complex view of the role of ECAP technology on low-cycle behaviour and to get knowledge about 

resistance of the steel under investigation against alternating plastic deformation in push-pull regime cyclic 

stress - strain curve were calculated. Cyclic stress-strain curves were also determined according to equation 

(3): 

n

apla
k               (3) 

Cyclic stress-strain curve are very important material characteristic describing fatigue behaviour of material 

under study throughout most of its lifetime. These curves can be regarded as analogous to stress-strain 

curve plotted from tensile test. 

4 CONCLUSIONS 

This paper summarizes results of microstructure analysis and mechanical tests of stainless steel AISI 316 

after application of severe plastic deformation using Equal-Channel Angular Pressing (ECAP). Various 

number of passes through ECAP die has been applied. 

The following findings were obtained on the basis of experimental works: 

Yield stress and tensile strength of the steel under investigation have increased, on the other hand plastic 

properties (elongation as well as reduction of area) hold up on the sufficient level. Effect of saturation after 

approximately 5 passes has been recognized. Based on these experimental results we can assume 

microstructural changes and not only deformation strengthening. 

Microstructural analysis confirms sub-grains with size smaller than 0.1 m, only exceptionally some sub-

grains/grains of the size of approx. 0.5 m were observed. Density of dislocations in metallic matrix was very 

high, presence of particles of precipitate was not found. In cases when neighbouring grains showed 

approximately identical diffraction contrast, it can be expected that angle of disorientation is only several 

degrees, while in case of significant changes of contrast rather high angular disorientation is probable. 

Austenitic matrix often contained deformation bands, which were formed during the ECAP deformation. 

Deformation bands formed during the ECAP deformation were further deformed during next passes. Sub-

grains with high density of dislocations were usually aligned along deformation bands. 

Fatigue behaviour of the steel AISI 316 was investigated after application of numbers of passes between 4 to 

6 through the ECAP tool, result were compared with virgin state of studied material.  
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These results show that materials with ultra-fine grain after intensive plastic deformation by the ECAP 

technology show at fatigue loading in the mode of constant amplitude of deformation (low-cycle fatigue) 

shorter fatigue service life in comparison with initial state. Nevertheless, it is possible to regard as highly 

positive the fact, that ultra-fine grained structure shows comparatively good mechanical stability after fatigue 

test, which is given by the fact that grains in structure are so small, that they prevent forming of dislocation 

structure.  

This fact is in very good agreement with the findings published in the previous work [10], where it was 

observed and verified on Cu. It can be predicted on the basis of obtained results that, contrary to low-cycle 

fatigue the ultra-fine grained material will manifest at fatigue load in the mode of constant amplitude of stress 

(high-cycle fatigue) higher fatigue characteristics, particularly fatigue limit. Confirmation of this presumption 

requires, however, realisation of additional experimental works aimed at the area of high-cycle fatigue of 

investigated material AISI 316 and detailed investigation with use of electron microscopy of possible 

structural changes in material after tests of high-cycle fatigue. 
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Abstract  

The drawability evaluation of thin sheet for stamping requires assessment of tools and techniques to modern 

ways measure and to evaluate complexity of the advanced construction materials characteristics such as 

mentioned thin metal sheets. Press forming is a complex issue to assess by applying classical methods of 

mechanical and physical properties study, such basic and technological tests. More and more are being 

developed comprehensive characterizations of charges for stamping like thin sheet metals, e.g. in the range 

of forming limit curves or diagrams. The development of those curves is possible through the use of image 

analysis techniques for indexing and distorted grids use digital software such as strain analysers AutoGrid 

system, and an older one - Asame system. However, extensive opportunities to develop methods of drawing, 

starting from cutting through the bending and shaping by using rigid tools, hydroforming or explosives, 

require computer support through product design and production technology. In this field are used several 

programs for modeling and simulation of stamping processes such as finite element method (FEM). The 

paper presents the application of the strain analyser AutoGrid to determine local strain distributions on 

drawpieces made of Inconel 625 alloy sheets. These strain distributions were compared with the simulation 

result of forming of the same shape drawpieces obtained with the use of software eta/Dynaform 5.8. 

Comparison of qualitative and quantitative results showed good correlation with the actual simulation results 

of the drawing. The use of computer techniques in both cases facilitates the development of drawability 

properties characteristics and allows you to design and predict the results of stamping without most 

expensive production trials used to start the process of producing new stampings. 

Keywords: Computer techniques, strain analysis, drawability evaluation of thin sheet metal, numerical 

simulation, eta/Dynaform 

1. INTRODUCTION  

Nowadays computer science gives tools to materials evaluation for forming processes. Mainly the simulation 

software provides and shows result of forming process and design tools [4, 8]. However, in the development 

range of the material characteristics are using computer programs based on imagine analysis. They allow 

determining local strain distribution, forming limit curves [7] and foreseeing forming phenomena [1]. In the 

project “Development of methods for computer-aided design process of stamping products for the aircraft 

industry, N R 15 0042 06” were tested analyser and forming process software described in 1.1 and 1.2 

subchapter respectively. First results for application are made to evaluation drawability of 0.45mm thick 

Incontel 625 sheet. Such kind thin sheet metals are applied at aircraft industry. 

1.1 Strain analyser AutoGrid  

The Silesian University of Technology have strain analyser AutoGrid by ViALUX. It provides a fast and 

accurate measurement to determination of forming limit curves (FLCs) of sheet metal materials. The system 

as a tool is directly connected to the testing machine Erichsen145-60 universal press (Fig. 1 a). Then the 

system gives precise access to the maximum strain value just before necking and subsequent cracking 

occurs. The software package allows to create FLCs from a set of specimens very effectively. Despite the 
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knowledge of the original undeformed grid size (size range between 1mm to 5mm), the system is able to 

determine a field of strain values in the range of 0.5 % to more than 100 % without any unambiguity. Images 

sequences of up to 24x4 frames per second can be recorded. In case of the standard testing velocity of 1-2 

mm ⁄ s, a punch depth resolution of less than 0.1 mm can be achieved. The system also features additional 

data inputs that can track different values from the testing machine. For example, punch stroke can be 

stored with each measurement. Automatic evaluation helps to generate complete forming limit curves. All 

process variables of differently shaped specimen are provided to determine reliable FLC data. Advanced 

software features can be used to process an export the data and to create reports. The system also fulfil the 

requirements of bulge or tensile testing [5]. Exported from strain analyser measurement data could be 

successfully applied to Dynaform software as material characteristics during material model data 

preparation. 

a) b) 

  

Fig. 1 Photographies of strain analyzers AutoGrid systems: a) stationery strain analyzer built on universal 

press Erichsen 145-60 at the Silesian University of Technology; b) movable strain analyser in compact 

version used at industrial trials 

On the other hand the AutoGrid® compact model of strain analyser (Fig. 1 b) has been developed in order to 

meet common user requirements for high mobility and flexibility combined with robustness and easy of use. 

The new solution in pictures recording is completely based on digital camera technology, and the use of 

standard netbook provides whole mobility. Four cameras are rigidly placed inside the measuring head 

allowing for constantly received data colecting without any setup and calibration stages. Operator manual 

handling recordings by pressing the button when calibration the object region - and 4 CCD cameras are 

triggered to take the photogrammetric view. The object working distance is indicated by a laser and the high 

brightness LED illumination switches automatically during the recording. The convenient AutoGrid® user 

interface provides software control of exposure time and camera gain settings. The compact system takes 

advantage of high-resolution cameras recording 5.7 million pixels in total per snapshot. In connection with 

high-quality optics the system is able to take an area of up to 0.5x0.4 m² where up to 12.000 grid points can 

be rapidly evaluated in one picture set. Single measurements can be easily stitched together yielding the 

analysis of whole components without size limitations [3]. This compact strain analyzer is widely used in 
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industrial measurements and works well. Such kind industrial trials results are presented in experimental part 

of this article. 

1.2 Eta/ Dynaform 5.8 software  

Eta/DYNAFORM 5.8 allowed us using finite element modeling for forming analysis, as well as displaying the 

forming results. This software is applied to simulate: single section draw with contact definition, drawbeds 

application and gravity loads; solid element double action draw; springback and springback compensation 

analysis; tube bending and hydroforming [2]. On the market are programs to simulate processes e.g. PAM-

STAMP, AUTOFORM, MARC, etc.. Nowadays important is proper selection of software for the implemented 

forming processes. Also drawing tools are designed using CAD software to allow the application to CNC 

numerical control machine tools. Also gives easily convert files to the known formats used to control the 5-

axis machines. However, recognize a geometric imperfection characteristic of the product in conjunction with 

the properties of the charge in the design process. Thus, the geometry of tools is often revised after testing 

movement, which is associated with a significant increase in production costs. This paper shows results for 

prediction of the pressing techniques using computer-aided design and numerical simulation method. 

Dynaform 5.8 was chosen to simulation procedure, which allowed showing manufacturing processes on 

each methods including hydroforming. 

2. EXPERIMENTAL RESULTS OF APPLYING COMPUTER TECHNIQUES 

To cone industrial drawpieces are detailed implemented analysis of local strain distribution. The forming test 

simulations are made by using obtained the material data base and selected software. The first tests were 

performed in a discharge cone of the industrial-type metal alloy Inconel. Conducted a qualitative analysis of 

the results of the process of stamping die axially-symmetric using the method of forming a liquid 

(hydroforming). Quantitative analysis of plastic flow characteristics of the Inconel sheet metals 0,45 mm thick 

in this process was made using a portable measurement system AutoGrid®. The charges for cones were 

215 mm dimension discs with 2 mm square mesh subdivision. The cones were manufactured in 

hydroforming process for forming variant: 1B - plane disc, forming with lubrication, 2A - disc with scratches, 

forming without lubrication, 2B - disc with scratches, forming with lubrication. Manufactured drawpieces are 

shown in Fig. 2 and results of measurements using strain analyser are shown in Fig. 3.  

a) b) c) 

   

Fig. 2 Photographies of cones manufactured in hydroforming process for forming variant: a) 1B - plane disc, 

forming with lubrication, b) 2A - disc with scratches, forming without lubrication, c) 2B - disc with scratches, 

forming with lubrication 
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a) b) 

  

c) 

 

Fig. 3 The results of the quantitative analysis of local strain distributions using the Auto Grid measurement 

system: a) photograph of the cone drawpiece hydroformed in terms of lubrication and increased roughness 

(there were made cracks in the flange area) where pointed side surface of the cone presents measured 

area, b) material thinning distribution at the selected area, c) the same resolution, related to the forming limit 

diagram of tested sheet metal 

The study was made for precise analysis of influence of lubrication and surface roughness in hydroforming 

cone. First result for simulated data are shown in publications [5, 6]. Numerical simulation of cone 

hydroforming are done using eta/Dynaform software. The modeled tools are shown in Fig. 4. Prepared 

simulations bring forming phenomena forecasting possibility with good correspondence to real process (see 

Fig. 5 and compare with Fig. 2).  
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a) b) 

  

Fig. 4 The view of modeled tool for cone hydromechanical forming: a) punch method, b) die method 

 

Fig. 5 Results eta/Dynaform simulation -  forecasting of forming phenomena appeared during cone 

hydromechanical forming using punch method 

 

Fig. 6 Results eta/Dynaform simulation - thinning distribution at the cone drawpiece for punch method 
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Presented in Fig. 6 thinning distribution at the cone drawpiece, it forecast results of hydromechanical forming 

with rubber membrane. Such kind manufacturing is very advanced and thanks to software options of 

Eta/DYNAFORM solutions is possible. 

3.  CONCLUSIONS 

 Analyzing strain distribution on cone-shaped drawpieces obtained from numerical simulation and from 

industrial tests, one can conclude that the results of measurements of local strain distributions in the 

corresponding areas of numerical and experimental drawpieces are qualitatively comparable.  

 The simulation results of hydroforming process using both: punch and die methods allowed to produce 

cones from Inconel sheet blank 0,45 mm thick using pointed out guidelines based on simulation result. 

According to strain measurement, the punch method is more safety manufacturing technique and it is 

recommended for Inconel sheet blanks forming.  

 Despite quantitative differences in the results of simulations, they predict good representation of the 

shape of the cone and the virtually target cone can be used in its present form practically. 

 Based on carried out tests Eta/DYNAFORM version 5.8 has been rated as a program well suited for 

simulation of hydroforming. However, advanced software options of Eta/DYNAFORM must be used to 

receive more precisely solutions. Especially advanced software options should be applied to model 

rubber membrane characteristic. 

 The advisable computer techniques accelerate the thin sheet metal drawability evaluation. Presented 

software allow effectively forecast stamping results corresponding to the real processes frequently the 

qualitative and quantitative. 
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Abstract 

Iron aluminides with 40 at.% (which corresponds approx. 24 wt.%) of aluminium are advanced structural 

materials that are thanks to their low density and good resistance to high temperatures suitable as 

replacement of expensive high alloyed steels or nickel superalloys. Their more extensive industrial 

application is hindered by problems at their processing, since they exhibit an extremely low formability in as-

cast state. Formation of surface cracks can be prevented by use of heated forming tools. Thanks to this fact 

it was possible to form successfully the samples from aluminide of the type Fe-40at.%Al by uniaxial 

compression with use of anvils that were locally heated on the plastometer Gleeble 3800 by the system of 

resistance heating. Stress-strain curves were obtained for temperatures from 800 to 1200 °C and strain rates 

from 0.05 to 30 s-1. After the necessary smoothing of their course by an inverse method the activation energy 

at hot forming (236 kJ·mol-1) was calculated from the coordinates of the stress peak, which was then used 

for mathematical description of deformation to peak in dependence on the Zener-Hollomon parameter. We 

managed to develop a phenomenological model, which describes with good precision deformation 

resistance of the investigated alloy in dependence on temperature, strain rate and deformation, with 

consideration of influence of dynamic recrystallization. 

Keywords: iron aluminides, activation energy at hot forming, deformation resistance 

1. INTRODUCTION 

At present, efforts are being exerted to make existing production processes more efficient, as well as efforts 

to find eventual replacement of certain conventional structural materials, particularly such as high-alloyed 

and stainless steels, which are very expensive. That's why efforts continue to find alternative materials, the 

service properties of which would be competitive and also cheaper. It is possible to include among such 

advanced materials selected types of intermetallics, such as iron aluminides or Fe 40at.Al% [1, 2]. 

Iron aluminides of the type Fe-40at.Al%, became thanks to their properties a competitive material to 

chromium-nickel corrosion resistant steels. These properties include a relatively low density, high strength 

and very good resistance to oxidation and corrosion in aggressive environments thanks to creation  

of a surface layer of Al2O3. The products made of these materials are characterised moreover by favourable 

abrasion resistance, resistance to carburisation and sulphurisation. These materials exhibit, however, also 

some negative characteristics, such as low ductility and fracture toughness at room temperature (brittleness), 

low strength at high-temperatures and insufficient creep resistance at high temperatures [2, 3]. In general  

it can be stated that the production itself of intermetallics is relatively inexpensive, but their applications are 

often made more expensive due to problems associated with formability and machinability of these  

materials [4]. 

Physical simulations in the form plastometric tests are commonly used for investigation of the deformation 

behaviour of new materials at hot forming. Thermo-mechanical simulators (for example of the Gleeble type) 

are used for these purposes, as they enable simulation of the forming process in a very wide range 

of deformation conditions [5]. 

mailto:rostislav.kawulok@vsb.cz
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The object of investigation in this paper was creation of a phenomenological model that would be able to 

describe with sufficient accuracy the deformation resistance of the alloy Fe-40at.Al% in dependence  

on temperature, strain rate and deformation. This model should include also the effect of dynamic 

recrystallization on the deformation behaviour of the studied alloy. 

Resistance to deformation can be described by various mathematical models. These models differ by their 

mathematical structure and also by the fact, in what extent of deformation they can predict the resistance  

to deformation. According to the extent of deformation, in which the models are capable of prediction, these 

models can be divided into those that are able to really describe the resistance to deformation before 

reaching the stress peak, and models that are intended for description of the stress curve at deformation to 

the peak. Furthermore some other models exist, which can describe the whole stress curves [6, 7]. 

2. EXPERIMENT DESCRIPTION 

The aim of the experiment was to develop a suitable mathematical model for description of the deformation 

behaviour of iron aluminide of the type Fe-40at.%Al, on the basis of results of test by uniaxial pressure. 

These tests were performed with use of the plastometer Gleeble 3800 under different thermo-mechanical 

conditions. For sufficient mapping of conditions for forming five temperatures (800, 900, 1000, 1100 and 

1200 °C) were selected and four different strain rates (0.05, 0.4, 4 and 30 s-1). The tests were carried out on 

rollers with a height of 15 mm and a diameter of 10 mm. All the samples were prior to forming pre-heated to 

the temperature of 1200 °C. The samples were after uniform reheating cooled down to the temperature of 

forming or they were formed right away. Formability was positively influenced by the tools (anvils) that were 

pre-heated to the temperature of forming. After completion of individual tests the measured data necessary 

for evaluation of plastometric tests were automatically recorded and stored. These data were, however, 

affected by considerable scatter, so it was therefore necessary to smooth them. Smoothing of the data was 

in this research performed by the method of inverse analysis. Subsequently the curves of dependence of 

stress on strain were plotted and values of the maximum (peak) stress and strain corresponding to the peak 

stress were determined from them. An example of this dependence is illustrated by the graph in Fig. 1, which 

was plotted from the data obtained for the temperature of 1000 °C. 

 

 
 Fig. 1 Curves strain-stress at the deformation temperature of 1000 °C  

and at strain rates of 0.05 - 30 s-1 

This graph confirms the considerable scatter of data recorded from Gleeble (smooth curve). Fig. 1 shows 

furthermore the curves plotted with use of the inverse analysis (dashed curve). It is evident from comparison 
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of the curves for identical deformation conditions (strain rate and temperature) that the values obtained from 

the inverse analysis are lower than the values measured directly by the plastometer Gleeble.  

This phenomenon was caused by the fact that for technical reasons it is impossible to during to maintain 

constant temperature and strain rate during realisation of pressure tests, while in the case of the inverse 

analysis it is possible to choose a constant temperature and strain rate [8]. 

3. MATHEMATICAL PROCESSING AND DISCUSSION OF EXPERIMENTAL RESULTS 

The values of peak stress and of corresponding strain were subsequently determined from the curves 

obtained by the inverse analysis. Afterwards the value of the activation energy at hot forming was 

determined with use of special software ENERGY 4.0, namely from the measured values of peak stress and 

of corresponding deformation. The software ENERGY 4.0 works on the principle of partial linear regressions, 

which gives a result, which will be made more accurate by application of the least squares method based  

on non-linear regressions [9]. The value of activation energy was calculated using a modified sine hyperbolic 

equation of Tegart and Sellars [10]: 

 (1) 

where ė is the strain rate [s-1], R is the molar gas constant equal to 8.314 [J.mol-1·K-1], T is temperature  

of deformation [K], σmax [MPa] is the maximum deformation stress corresponding to the peak deformation,  

C [s-1], α [MPa-1] and n are material constants. Methodology for determining material constants in the 

equation (1) is described for example in [11]. 

The value of activation energy at hot forming of the aluminide Fe 40at.Al% was determined  

to be 236 kJ·mol-1, which in the case of this material is realistic value. At previous experiments we achieved 

on the same material similar values (235 kJ·mol-1) in the case when the value of the activation energy was 

determined from the data obtained directly from the plastometer Gleeble [12], while in this case, this value 

was obtained from the regression analysis of the values obtained from the plastometer Gleeble. 

Furthermore, thanks to the software ENERGY 4.0 material constants U and W calculated, which were 

subsequently used for prediction of kinetics of dynamic recrystallization, or of ep on the basis of knowledge of 

the Zener-Hollomon parameter Z [s-1]: 

 (2) 

  (3) 

Two different models were used in this experiment describing the deformation behaviour of the investigated 

material. In the first case we choose the model Schindler et al. [13], and in the second case we used the 

Hensel-Spittel model [14], which is used in the simulation program FORGE. The model Schindler model et 

al. is described by the equation: 

  (4) 

where p1,2, ...,5 are constants of the model, e is deformation, ep is the strain corresponding to the peak stress 

and T is the temperature [K]. The equation (4) consists of altogether four members, two of which are 

deformation members. The first member of deformation of the model is formed by a power function reflecting 

the strengthening phase. The second deformation member formed by an exponential function reflects  



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

447 

the influence of softening after the start of dynamic recrystallization. The third and fourth members then 

express the effect of strain rate and deformation temperature [13]. 

Material constants in the model (4) were determined by non-linear regression analysis of several variables 

with use of the statistical software UNISTAT. For achieving better accuracy of the calculation it was 

necessary to exclude from the processed file some data that exceeded the expected trends. This concerned 

especially start-up parts of some strain-stress curves, in which the method INVERS caused creation  

of significant "yield stress". 

The final values of material constants p1 to p5 designated for non-linear regression with use of the program 

UNISTAT are given in Table 1. The determination coefficient of these constants R2 is 0.9980, which shows 

already sufficient agreement. Theoretical values of resistances to deformation predicted with use of the 

constants from Table 1 for the model (4) were then compared with experimentally obtained values from 

smoothing by the inverse method, which is represented in Fig. 2, showing a comparison of experimental 

(measured) and predicted (model Schindler et al.) values of resistance to deformation for the temperatures 

of 1000 and 1200 °C 

Table 1 Values of constants in the model Schindler et al. (4) 

Constant p1 p2 p3 p4 p5 

Value 391554 0.177 0.756 553.3 0.0059 

 

  

1000 °C 1200°C 

Fig. 2 Graph plotted from the measured values of stress and the values determined by the model  

Schindler et al. in dependence on deformation for the temperatures of 1000 and 1200 °C 

It is evident from the graphs in Fig. 2 that a comparatively good agreement between the results from the 

inverse analysis and the results predicted by the model was achieved (4). We can see here, however, that 

some complications arise at prediction of the resistance to deformation at high temperatures in combination 

with higher strain rates. Some minor complications also occur at description of the stabilised state 

at combination of low temperature with high strain rate. These complications, however, are definitely not 

essential. 

The purpose of use of the second Hensel-Spittel model was to investigate, whether the predictions made by 

both models would be identical. The shape of the model is described by the equation (5), which is much 

more complex compared to the equation (4), and moreover this model is based on the the physical 

foundation, but this is purely a universal mathematical interpretation [14]. 

  (5) 
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The model (5) contains more deformation members than the model (4), but it also contains a power member 

and exponential member. It contains even two deformation members based on exponential function. It 

contains also speed and temperature members. However, in contrast to the model (4), this model does not 

contain deformation to peak. 

The calculation procedure itself ran similarly as in the model (4). The values after the performed selection 

used at creation of the model (4) were used here as input values of experimental deformation and resistance 

to deformation. After substituting these input values the approximate model constants p1 to p9 were 

substituted from the model developed within the frame of another solution. After that new constant of the 

model were obtained on the basis of non-linear regression. The regression was performed here only once. 

The resulting values of the constants p1 to p9 for the model (5) are shown in Table 2. The correlation 

coefficient R2 of the constants p1 to p9 was calculated to be 0.9981, which is a value very similar to that in 

case of use of the model (4). The values of resistance to deformation predicted with use of the constants 

from Table 2 of the model (5) were compared with the values obtained by calculation of the model (4) and 

with the values from the inverse analysis. This comparison is shown in Fig. 3, which shows a comparison of 

resistances to deformation at the temperatures of 900 and 1100 °C. 

Table 2 Values of constants in the model Hensel-Spittel 

Constant p1 p2 p3 p4 p5 p6 p7 p8 p9 

Value 8494 -0.0062 0.397 0.269 0.0041 -0.0019 0.295 -0.0613 0.00039 

 

  

900 °C 1100 °C 

Fig. 3 Graph comparing the measured values of stress, the values determined by the model  

Schindler et al., and the values determined by the model Hensel-Spittel in dependence  

on deformation for the temperatures of 900 and 1100 °C 

It is evident from Fig. 3 that prediction performed by both models is virtually identical, with some exceptions. 

The first proposed model (4) is slightly more accurate at higher temperatures. The accuracy of the second 

model (5) is, again with some exceptions, slightly better at lower temperatures. 

CONCLUSIONS 

Models for mathematical description of resistance to deformation of the iron aluminide Fe-40 at.% Al at hot 

forming were proposed on the basis of a series of experimental tests by hot pressure performed on the 

thermo-mechanical simulator Gleeble. These experimentally measured data were due to considerable 

scatter of values and due to impossibility of maintaining constant temperature and constant strain rate 

subjected to smoothing by the inverse method. The value of activation energy was determined for hot 

forming with use of the software ENERGY 4.0. It was established that the value of 236 kJ·mol-1 is practically 
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identical with the value of the activation energy determined for the same material, but with use  

of non-smoothed plastometric data (235 kJ·mol-1) [12]. The model Schindler et al. and Hensel-Spittel model, 

which is used in the simulation program FORGE, were chosen for mathematical description of the resistance 

to deformation of the iron aluminide Fe-40at.%Al. It was found out that prediction made according to the 

Hensel-Spittel model is with few exceptions identical with prediction made by the model Schindler et al., with 

very similar determination coefficient. The model Schindler et al. is slightly more accurate at prediction at 

higher temperatures, while the Hensel-Spittel model is on the contrary more accurate at lower temperatures. 

This second model has, however, bigger problems at description of the resistance to deformation at the 

combination of the highest temperature with the highest strain rate. It was therefore determined that for 

description of the resistance to deformation of the aluminide Fe-40at.%Al in the given range of deformation 

conditions the first proposed model, i.e. the model Schindler et al., is more suitable. Nevertheless, it should 

be possible to use it with sufficient accuracy also for possible simulation of resistance to deformation of the 

aluminide Fe-40at.%Al for the purposes of computer simulation in the program FORGE. 
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Abstract  

The wear mechanism of equipment rolls for fine section mills was investigated. The rolls were made of three 

different steels: X165CrV12 cold work steel, X40CrMoV5-1 hot work steel and C55 plain carbon steel. The 

banded microstructure, parallel to the roll axis, was observed for each tested roll. The microstructure of the 

roll made of X165CrV12 consists of primary and secondary carbides bands in tempered martensite matrix. In 

the case of X40CrMoV5-1 steel, in tempered martensite microstructure fine grain bright etching bands with a 

high volume fraction of dispersed vanadium carbides precipitations were observed. The microstructure of the 

roll made of C55 steel consists of martensite and pearlite bands with fine ferrite grains. The different wear 

mechanisms were observed for investigated rolls: erosive, adhesive and abrasive wear, surface oxidation, 

spalling, thermal fatigue and white layer formation. The major factors determining the dominant wear 

mechanism and roll service life are the steel chemical composition and microstructure. The presence of 

primary carbides in microstructure decreases the adhesive wear and thick white layer formation. The roll 

made of plain C55 steel, despite its hardness level similar to the hardness of investigated rolls made of hot 

and work alloy steels, has the worst wear resistance. Thus, the application of cheap plain steel for such 

equipment rolls has no economical reason because of the need for frequent replacements with new ones. 

The X165CrV12 cold work steel was showing the best wear resistance among the investigated steels.  

Keywords: wear, equipment rolls, fine section mill, steel  

1. INTRODUCTION  

Heavy exploitation conditions of tools and structure parts induce often researchers to search for new 

materials characterised with thermal resistance and a high wear resistance at increased temperatures [1-5]. 

The widely used material, due to prices and good properties in the mentioned above ranges, still remain 

ferrous alloys [6-13]. However, the phase transformations related to the so-called critical temperatures occur 

in these alloys [14,15]. These transformations can significantly influence wear mechanisms [16-20]. 

For example, formation of the so-called white layer is essential for the wear mechanism [19-21]. One of the 

structure parts, which are working under tribological conditions are equipment rolls in rolling mills. Thus, the 

aim of the hereby study was the determination of the role of the material, out of which equipment rolls are 

made, on its wear mechanism. 

2. MATERIAL FOR INVESTIGATION 

Equipment rolls from the fine section mill were used in tests. Rolls were marked with numbers according to 

the sequence of their location in the production line. Rolls No.1 and 2 worked within rolling stands 7-9. No. 3 

roll worked within the rolling stand 15, while No. 4 within the rolling stand 17. Similarly rolls No. 5 and 6 

worked within the rolling stand 17. Rolls supplied for investigations are presented in Fig. 1. 
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a) b) c) 

   
d) e) f) 

   

Fig. 1 Rolls supplied for investigations: a) Roll No.1, b) Roll No. 2, c) Roll No. 3, d) Roll No. 4, e) Roll No. 5, 
f) Roll No. 6 

The investigated rolls were made of three steel grades: No 1, 2 and 4 of X165CrV12 steel, No. 3 of C55 

steel, while rolls No. 5 and 6 of X40CrMoV5-1 steel. The chemical compositions of these steels are listed in 

Table 1, while microstructures of individual rolls are shown in Fig. 2.  

Table 1 Chemical compositions (mass %) of steels of which the tested rolls were made 

steel C Mn Si P S Cr Ni Mo V Cu Fe 

X165CrV12 1.56 0.25 0.22 0.014 0.008 11.29 0.12 - 0.02 0.08 Bal. 

C55 0.56 0.61 0.26 0.011 0.004 0.13 0.11 0.02 - 0.30 Bal. 

X40CrMoV5-1 0.43 0.36 1.05 0.022 0.004 4.96 0.18 1.27 0.94 0.06 Bal. 

a) b) c) 

   
d) e) f) 

   

Fig. 2 Microstructure of rolls supplied for investigations: a) Roll No.1, b) Roll No. 2, c) Roll No. 3, d) Roll No. 
4, e) Roll No. 5, f) Roll No. 6 
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3. RESULTS AND DISCUSSION 

It can be observed that rolls No.1 and 2 were worn by the abrasive mechanism, blocked by banded 

precipitates of primary carbides (Fig. 3). In between these primary carbides precipitates spheroidal particles - 

the most probably secondary carbides - are seen. It seems, that these carbides participate in matrix wear by 

spalling and influencing as loose abrasive material. Such wear mechanism of rolls No. 1 and 2 is confirmed 

by metallographic observations of the near-surface layer of roll No. 1 (Fig. 4). 

a)  b) 

 

 

 

Fig. 3 Surface after the exploitation: a) Roll No. 1, b) Roll No. 2 
 

a)  b) 

 

 

 

Fig. 4 Microstructure in the near-surface layer of No. 1 roll, after the exploitation 

On the working surface of No. 3 roll, after the exploitation, brighter zones can be seen (Fig. 5). These zones 

are characterized by the abrasive wear. It seems that they are easily crumbling from the surface. In the 

remaining zones, apart from the abrasive wear some fragments indicating the adhesive wear can be seen. 

Thus, it can be assumed that these bright zones are places of the white layer occurrence. In order to confirm 

these assumptions the metallographic tests of the surface layer were performed (Fig. 6). They allowed to 

find the white layer on the surface of No. 3 roll. Within the white layer zone cracks often occur. A further 

propagation of such cracks causes a white layer crumbling. Non-metallic inclusions, e.g. sulphides, can 

participate in development of such cracks (Fig. 6b). Outside the white layer zone the wear is often of an 

adhesive character. In these places particles are spalling due to their decohesion along grain boundaries 

(Fig. 6c). 

The roll No. 4 surface, after the tribological contact, is presented in Fig. 7. This roll wear occurs mainly by 

crumbling of the surface layer. The metallographic investigations indicate that the crumbling layer is the 

white layer (Fig. 8). Primary carbides participate actively in an initiation and development of cracks (Fig. 

8b,c). 

The roll No. 5 in a similar fashion as No. 6 was worn not only by the abrasive mechanism but also by 

adhesive one (Fig. 9). Especially in case of the roll No. 5, next to abrasive and adhesive wear mechanisms, 
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the spalling wear can be observed. This spalling occurs by a plastic deformation of the surface layer followed 

by pulling-out of the deformed layer due to adhesive influences. The metallographic observations of the 

near-surface layer of the roll indicate such mechanisms (Fig. 10). 

a)  b) 

 

 

 

Fig. 5 Surface of the roll No. 3, after the exploitation: a) Two different surface morphologies, b) Fragment 
marked in Fig. a - in magnification 

 

a) b) c) 

   

Fig. 6 Microstructure of the near-surface layer of the roll No. 3, after the exploitation 
 

a)  b) 

 

 

 

Fig. 7 Surface of the roll No. 4, after the exploitation 
 

a) b) c) 

   

Fig. 8 Microstructure of the near-surface layer of the roll No. 4, after the exploitation 
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a)  b) 

 

 

  

Fig. 9 Surface of rolls, after the exploitation: a) Roll No. 5, b) Roll No. 6 
 

a)  b) 

 

 

  

Fig. 10 Microstructure of the near-surface layer: a) Roll No. 5, b) Roll No. 6 

4. CONCLUSION 

The results obtained in this study allow to formulate the following conclusions: 

 The application - for equipment rolls - of cheaper plain carbon steel, even after the heat treatment to a 

hardness similar of more expensive materials, does not provide similar wear resistance as rolls made 

of alloyed hot and cold tool steels. 

 The equipment rolls wear occurs due to abrasive and adhesive wear, oxidation, spalling, thermal 

fatigue and the white layer formation. The microstructure and the chemical composition as well as the 

roll exploitation conditions determine which of the mechanisms will dominate and will decide on the roll 

lifespan. 

 An occurrence of secondary carbides in the roll microstructure decreasing the adhesive wear and the 

thick white layer formation on their surface.  

 Out of the investigated materials applied for equipment rolls the most universal and optimal seems to 

be X165CrV12 steel. 
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Abstract  

Energy dissipation and plastic flow instability were investigated in P91 steel and Ms70 brass on the basis of 

continuous tests carried out on Setaram and Gleeble plastometers. Temperature range between 1223 and 

1473 K and strain rates from 0.0965 to 1.53 s-1 were applied for the SETARAM device tested samples, for 

samples tested on GLEEBLE plastometer the temperatures were from 1073 to 1533 K, strain rates varied 

between 0.1 and 10 s-1. Tests temperatures for the Ms70 brass were 650, 700, 750, 800 and 850 °C. 

Mathematical evaluation of continuous curves was supported with calculation of larger range of input 

parameters using the “sin h” equation. For energy dissipation calculation strain rate sensitivity parameter 

(m=(d lnσ)/(d lnė)) was computed and further the efficiency according to the η=2m/(m+1) formula. Equation 

ξ=(∂ ln(m/(m+1)))/(∂ lnė)+m was utilized for the instability parameter calculation. The results were evaluated 

using Sigmacon, Gnuplot and Golden Surfer computer softwares. The final results are 2D and 3D material 

processing maps. Results of tests carried out with P91 steel and Ms70 brass were compared to experimental 

results of other authors with high correlation.  

Keywords: torsion test, compression test, plastometer, power dissipation 

1. INTRODUCTION 

Material machinability and formability depends on its ability to deform plastically during forming process 

without its rupture. The work [1] presents a finding of the authors Prasad and Sasidhara who deal with 

process maps that formability consists of two independent components: internal formability, which is 

influenced by evolution of micro-structure at specific conditions of the given process, and external formability, 

which is influenced by geometry of the deformation zone and stress conditions at forming [2-4]. These maps 

are used at forming of steel, as well as of alloys made of non-ferrous metals (aluminium, magnesium, nickel, 

titanium alloys, etc.). Forming of some alloys may be very difficult and process maps make it possible to 

suggest the best possible solution of method for their processing [5-7].  

2. POWER DISSIPATION, PROCESS MAPS 

Power dissipation at forming is characterised by dimensionless variable, power dissipation efficiency η. It is 

used as a crucial element by one of the most widespread models, dynamic material model (DMM - Dynamic 

Material Modelling) [8]. The dependence of stress on the strain rate at given temperature is determined by 

the curve and the dependence of sensitivity of plastic flow to the strain rate is expressed as a function of 

strain rate [9]. The process map thus represents the areas, at which it is appropriate to form the material, and 

on the other hand the areas, in which forming can become already dangerous for the given material. Maps of 

power dissipation are expressed in coordinates of deformation temperature and strain rate logarithm. 

Forming is in this interpretation considered to be a power system, where power is dissipated in the 

deformation zone [10, 11]. Total power absorbed by the body during deformation (P) consists in principle of 

two components at I may be expressed by the following equation: 
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JGP   (1) 

where: P - total power absorbed by the body during deformation [J], G - power dissipated in consequence of 

plastic deformation [J], J - power dissipated in consequence of microstructural changes [J] 

Distribution of total power between power components J and G is described by the coefficient of sensitivity of 

the material plastic flow to the strain rate [1]. Knowledge of this coefficient is indispensable for creation of 

process map, it can be expressed in the following manner: 
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Coefficient m is function of the strain rate.  

For creation of process map it is highly necessary to know also a dimensionless parameter η, i.e. efficiency 

of power dissipation. The following formula is valid for the parameter η: 
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The results are multiplied by one hundred to obtain percentage values, which is usual way of expressing the 

efficiency. The parameter of plastic instability is also of no less importance, as it makes it possible to 

determine, in which areas the material deformation is stable, and in which areas material rupture may occur 

already during forming [12-15]. Parameter of plastic instability can be calculated by this formula: 
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where: ξ - parameter of plastic instability, m - strain rate sensitivity, ė - strain rate [s-1] 

3. EXPERIMENT TORSION TEST 

Continuous test to rupture is the most frequently performed test on the plastometer SETARAM. 

Determination of the stress-strain curve is made by comparatively complicated calculation method [16]. 

Torsion tests were performed on various materials - steel and brass. In case of the steel P91 the samples 

were investigated at the temperatures ranging from 1223 K to 1473 K and at strain rates ranging from 

0,0965to 1,53 s-1 [17]. 

Hot torsion tests of brass Ms70 (Cu + 30 wt.% Zn)  were performed at 4 strain rates, namely 0,2; 1; 5; and 10 

s-1, corresponding to torsion revolutions 16; 80; 400 and 800 rpm, and at five temperature levels t = 923, 

973, 1023, 1073 and 1123 K [18]. 

4. EXPERIMENT COMPRESSION TEST  

Plane strain compression test was performed on the plastometer Gleeble 3800.  

Altogether 12 tests were made at 3 strain rates ė = 0.1; 1 and 10 s-1, and at temperatures ranging from 

800 °C to 1260 °C on the material 9Cr (P91). For extrapolation of the courses also for lower and higher strain 

rates than the tested one, the activation power Q was calculated and afterwards the value of stress was 

determined from it by the following equation. 
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5. RESULTS AND EVALUATION OF THE BRASS MS70 

Fig. 1 shows the dissipation map for the magnitude of deformation of 0.5 brass with 30 % Zn. The map was 

calculated from the values published in [19, 20]. If we compare it directly with the map from the work, we may 

notice certain differences. First of all the area of high temperatures and low strain rates is different. In the 

original map the dissipation increases in this area. However, in the map re-calculated by us an area appears 

with a decrease and subsequent increase. This may be attributed to the algorithm of formation of a spatial 

map, when the method used by us prevents an excessive smoothing of curves of the dissipation coefficient, 

processed for individual temperature levels.  

  

Fig. 1 Superposition of the maps of power 

dissipation of brass Ms70 for deformation of 0.5. 

Solid lines are plotted on the basis of data from 

literature [19] that were measured by compression 

plastometer; dashed lines were plotted on the basis 

of torsion tests 

Fig. 2 Power dissipation [percentage] for brass Ms70 

at the deformation of 0.9 

 

The map of power dissipation from the data taken from [19] was constructed for verification of the whole 

calculation procedure, as well as for its direct comparison with the map of power dissipation at the torsion 

test (the map plotted by dashed lines in Fig. 1). The range of strain rates and deformation temperatures is 

limited in comparison with the published results. The area of higher strain rates cannot be covered by the 

torsion plastometer SETRAM due to physical limitations of the torsion test [16]. Lower strain rates are 

achievable with use of additional gear box. They were, however, not realised due to orientation of the original 
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experiment on the area of occurrence of dynamic recrystallisation as the controlling softening process. If we 

compare the shape with the adapted dissipation map, we can see its conformity with the shape for brass with 

30 % of Zn. It is, nevertheless, necessary to admit that point of the limit strain rates were significantly 

influenced, since determination of the parameter mis highly sensitive to the algorithm used for calculation of 

cubic splines and for exact determination of the value of resistances to deformation. They were then used for 

calculation of the strain rate sensitivity coefficient m.  

Advantage of the torsion test consists on realisation of big deformations, which cannot be made on 

compression plastometers. It was thus possible to construct the dissipation maps also for bigger values of 

deformation. Evaluation for the deformation of 0.9 in Fig. 2 may serve as an example. The final map shows 

higher efficiency of power dissipation into micro-structural  stae at lower strain rates - for all deformation 

temperatures. 

6. RESULTS AND EVALUATION OF THE STEEL 9CR 

The principles of Dynamic Material Modelling were 

used for construction of maps of power 

dissipation. The following steps were taken for 

obtaining of the coefficient of power dissipation η. 

The value of resistance to deformation for 

individual tested temperature levels and strain 

rates was read from the dependence of the 

deformation stress for a constant deformation 

(Fig. 3). 

Thus obtained dependences of stress - strain rate 

were recalculated to the dependence stress 

logarithm - strain rate logarithm. If we compare the 

course of the strain rate coefficient m on the 

logarithm of strain rate, the values are comparable 

for the steel 9Cr regardless of the type of testing 

machine. The course of mand is in dependence 

on the strain rate logarithm identical, only the 

values of both quantities differ. These calculations 

were finally performed for the deformations of 0.3; 

0.5 and 0.9 in order to enable comparison with the 

same steel 9Cr, which was investigated on the 

plastometer Gleeble [21]. 

Fig. 4 represents an example of a 2D diagram of 

power dissipation, in this case for deformation e = 0.5 performed on the plastometer Gleeble. For 

comparison the same steel and the same deformation was analysed with use of the torsion plastometer 

SETARAM (Fig. 5). Nevertheless, at evaluation a magnification of the range of strain rates by the formula 5 

was not used and instead directly determined values of stress were used for calculation of dissipation 

efficiency. 

7. CONCLUSIONS 

Procedure of evaluation of results of plastometric tests was first tested on data from literature for the brass 

with 30 % of Zn. The map of power dissipation created on the basis of results measured by the plastometer  

 

Fig. 3 Procedure used for processing of the results of 

plastometric tests for the temperature of 1050 °C from 

the stresses measured at the deformation of 0.5 to the 

coefficient of sensitivity to the strain rate m and 

efficiency of dissipation η. 
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SETARAM was compared with the already published map. Very good agreement was obtained in the area of 

lower strain rates. 

  

  

Fig. 4 Power dissipation [%] for 9 Cr at the 

deformation of 0.5 on the basis of compression tests 

Fig. 5 Power dissipation [%] for 9 Cr at the 

deformation of 0.5 on the basis of torsion tests 

In case of the steel 9Cr we have compared the results obtained on the plastometers Gleeble and SETARAM. 

Different chosen procedures led to somewhat different results of the course of power dissipation. It appears 

from the images of the process maps for the steel 9Cr that forming in the area below approx. 975 °C and at 

higher strain rates is unsuitable, and that the temperature range  between 1050 and 1100 °C is also less 

suitable. We assume that we will be able to determine the dissipation by this method at analyses of data 

obtained also from other materials, as well as another parameter ξ, which are the possible areas of 

deformation instability. 
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Abstract 

In the process of tube rolling in Železiarne Podbrezová it is crucial to properly maintain the selected 

thermomechanical process parameters, namely: heating of the tube stock in a walking beam furnace, 

maintaining the uniform plastic deformation in all rolling stands of a stretch-reducing mill and, finally, keeping 

the finishing rolling temperature of the tube over the Ar3 temperature. In this paper, optimization results for 

25CrMo4 tube rolling are being presented, considering the final tube with a 2,6 mm wall thickness. For this, 

the stretch-reduction parameter in all rolling stands as well as the finishing rolling temperature has been 

optimized.  

Keywords: tube rolling, 25CrMo4 steel grade, plastic deformation, stretch-reducing mill 

1. INTRODUCTION 

In Železiarne Podbrezová, steel grade 25CrMo4 is being produced and subsequently hot-rolled in seamless 

tube rolling mill, producing the tubes with diameter from 31.8 mm up to 76.1 mm and wall thickness from 2.6 

mm up to 5.6 mm. These tubes are frequently used as a semi-finished product for pressure vessels and also 

for applications in power industry, thanks to their favorable creep-resistant properties up to 400 °C [1].  

The tube rolling represents a sophisticated technology, consisting of several technological sub-steps: billet 

heating in a rotary hearth furnace (with zone #1 - 1230°C, zone #2 - 1269°C, zone #3 - 1297°C, zone #4. - 

1285°C), billet piercing, elongation, rolling on a push-bench and mandrel removal on a detaching mill 

(reeler). After this, the tube blank is reheated in a walking-beam furnace (temperatures from 1035 °C to 1050 

°C), thus ready for final rolling operation on a 28-stand stretch-reducing mill. For 25CrMo4 steel grade and 

wall thickness of 2.6 mm, material failure (rupture) between adjacent rolling stands occurred frequently. This 

problem plagued the rolling mill economically, rendering this problem a high priority one to be solved [1]. 

2. EXPERIMENT 

In the first iteration we focused on all parameters of technological sub-steps, going from rotary hearth 

furnace up to the walking beam furnace. However, we have encountered no flaws leading to material failure 

in the stretch-reducing mill. In the second iteration we focused on: thermal-deformation processes during 

rolling, walking-beam furnace temperature and stretch-reducing mill inlet/outlet temperature. We analyzed 

the strain rates given by stretch ratio in adjacent stretch-reducing rolling stands. Results presented were 

obtained in a plant experiment, using heat No. 13520 (see Tab. 1). Dilatometric analysis, performed on TU 

Košice, reveals threshold temperatures Ar1= 687 °C, Ar3 = 764 °C, Ac1 = 758 °C and Ac3 = 814 °C, 

respectively [2]. After tempering, 25CrMo4 grade should exhibit the hypoeutectoid, ferritic-pearlitic structure 

(with approx. 30 wt% of ferrite), Fig. 1, 2. 

mailto:parilak@zelpo.sk
mailto:kvackaj.tomas@zelpo.sk
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      Fig 1 25CrMo4 microstructure                                                Fig 2 25CrMo4 microstructure  

  After final heat treatment - transversal cut [1]                     After final heat treatment - longitudinal cut [1] 

Tackling the problem both theoretically as well as experimentally on ruptured tubes we can conclude 

following: 

Samples taken from neighbourhood of a failure area were characterized by low ductility and high hardness, 

exhibiting the ferritic-bainitic structure (see Fig. 5,6). The typical characteristics for all ruptured tubes was the 

finishing rolling temperature approaching Ar3 from below. It follows, that the material cooling rate was very 

high, hindering the deformability, so to increase the material failure probability. 

Based on our analysis we prepared an experimental rolling plan with technological parameters as follows: 

1) The primary target was having the finishing rolling temperature not to fall below Ar3 

2) In order to lower the possibility of a tube rupture we checked the stretch ratios (1st round), lower the 

stretch ratios (2nd round) and, finally, lower the wall-thickness group. 

 

Table 1 Chemical composition of heat No. 13520, mechanical properties of 25CrMo4 creep-resistant steel 

according to EN 10216-2+A2 

Grade 

Chemical composition [%] Mechanical properties Max. 

Temper

ature 

[°C] 
C Si Mn Pmax Smax Cr Ni Mo Cu 

Re 

[MPa] 

Rm 

[MPa] 

A 

[MPa] 

KV min 

[J] 

25CrM

o4 

0.22-

0.29 
0.40 

0.60-

0.90 
0.025 0.020 

0.90-

1.20 
0.30 

0.15-

0.30 
0.30 345 

540-

690 
18 27 400 

3. RESULTS ANALYSIS 

For testing other rolling parameters, two rolling heats with different tube dimensions (33.7 x 2.6 mm and 38.0 

x 2.6 mm) were performed. Both heats were supervised. 

Basic data: 

1st rolling 

Order No. 2133368, heat No. 13520, Tube dimension: 33.7 x 2.6 mm, initial wall-thickness 3.4 mm 
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The tube blanks were put into the walking-beam furnace with temperature of 1035 °C. Furnace outlet 

temperature was in the interval of 963 °C - 983 °C. Finishing rolling temperature was in the interval of 762 °C 

- 824 °C. [3] 

During rolling, we found out that the first failure appeared in the front part of the tube, dividing the stock into 

seven pieces with 2 - 7 m of length. This was happening for every tube rolled, having 1035 °C in walking-

beam furnace and 820 °C in the last rolling stand, respectively. Due to these failures, the production on 

stretch-reducing mill was ceased drastically. Subsequently, the furnace temperature was raised to 1040 °C, 

followed by finishing rolling temperature of 781 °C. Nevertheless, the failure scenario repeated again. 

Following this, the stretches were changed, Fig. 3. Again, the material failure occurred repeatedly. In 

conclusion, only 5 % out of 40 rolled tubes were flawless. 

 

2nd rolling 

Order No. 2133367, heat No. 13520, Tube dimension: 33.7 x 2.6 mm, initial wall-thickness 3.2 mm 

The tube blanks were put into the walking-beam furnace with temperature from 1015 °C to 1030 °C. Furnace 

outlet temperature was in the interval of 897 °C - 975 °C. Finishing rolling temperature was in the interval of 

750 °C - 823 °C. [3] 

With furnace temperature of 1015 °C and reducing mill inlet of 900 °C, the first tube rupture occurred on  the 

tube No. 40, separating a 1m piece from the tube end. The next rupture follows on the tube No. 50, 

separating a 2m piece from the tube end. For another tubes the ruptures were sparse. This rolling heat can 

be thus considered as a success, having extra credit for maintaining the finishing rolling temperature and 

also for given stretches, lowered by lowering the initial wall thickness (from 3.4 mm down to 3.2 mm). In 

conclusion, 94 % of rolled tubes were flawless, which saved the day. 

In Table 2 we can see a comparison of both rolling heats. 

Table 2 Technological parameters of both experimental rolling heats [3] 

1st Rolling 2nd Rolling 

Rolling Gauge AO Rolling Gauge AO 

No. of rolling stands 28 No. of rolling stands 26 

Tube stock diameter [mm] 139.8 Tube stock diameter [mm] 139.4 

Initial wall thickness [mm] 3.4 Initial wall thickness [mm] 3.2 

Tube diameter [mm] 33.7 Tube diameter [mm] 38 

Wall thickness [mm] 2.6 Wall thickness [mm] 2.6 

Initial velocity [m/s] 1.3 Initial velocity [m/s] 1.33 

Diameter reduction [%] 75.89 Diameter reduction [%] 72.74 

Wall thickness reduction [%] 23.51 Wall thickness reduction [%] 18.73 

Average stretch 0.61 Average stretch 0.59 

Maximum stretch 0.72 Maximum stretch 0.71 

Maximum stretch in stand No. 10.11 Maximum stretch in stand No. 11 

Elongation [m] 5.67 Elongation [m] 4.69 
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In Fig. 3 we can see stretches for 1st rolling on all 28 rolling stands, changing its value from 0.72 (1st 

alternative) to 0.68 (2nd alternative). Although a mild improvement could be seen, we failed to reach desired 

goal. In Fig. 4 we can see stretches for 2nd rolling heat with 26 rolling stands with maximum stretch of 0.71. 

 

 

Fig 3 Stretches in all rolling stands for 33.7 x 2.6 mm tube rolling. 1st alternative in black, 2nd alternative in 

red 

 

Fig 4 Stretches in all rolling stands for  38 x 2.6 mm tube rolling 

After these experiments took place we focused on tube microstructure. In Fig. 5, 6 there is the microstructure 

from 1st rolling. The structure is a heterogeneous, two-phase ferritic-bainitic with scarce regions of ferrite. 

Volume ratio of the bainite accounts for 65 %. Yield stress Re = 614 MPa, tensile strength Rm = 989 MPa and 

ductility reaches 14.5 %. 
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Fig. 5 25CrMo4 microstructure, 1st rolling                        Fig. 6 25CrMo4 microstructure, 1st rolling 

The microstructure from 2nd rolling heat with smaller initial wall thickness is very similar to the structure 

depicted in Fig. 1, 2. It is a homogeneous, ferritic-bainitic structure with bainite fraction of 43 %. The 

mechanical properties are as follows: Re = 611 MPa, Rm = 921 MPa and ductility reaches 16.,8 %.  

4. CONCLUSIONS 

The crucial points in flawless 25CrMo4 tube rolling is maintaining the finishing rolling temperature and 

recommended stretches, in particular: 

 Rolling in austenitic region, i.e. over Ar3 = 756 °C we recommend the finishing rolling temperature 

>790 (780) °C 

 Homogenous distribution of stretches for all rolling stands, paying special attention to step changes 

between adjacent rolling stands 

 Reduction of the stretches can be achieved by lowering the initial wall thickness, too 
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Abstract  

Controlled impact may be done if the source of additional force is placed on one of the impact bodies and 

this force is acted during the impact time. The usage of produced in Bulgaria “Industrial Rocket Engine” (IRE) 

makes it possible to realize the “controlled impact” technology. A laboratory device has been created in order 

to investigate the “controlled impact”. On this devise using “controlled impact” conditions, are conducted 

experiments for plastic deformation of lead specimens and briquetting of cooper, aluminum alloy, brass, grey 

cost iron, steel and Armco iron chips. It is determined an extension of the deformation degree in comparison 

with “free impact” deformation and decreasing of the rebound to zero (sticking impact). In briquetting by 

using “controlled impact” it is observed density increase of 15 % to 30 % to hydraulic press briquetting 

comparison.  The obtained results make clear that the usage of IRE propelled production machines for 

plastic deformation and briquetting technologies improve those processes and decrease the production 

drain. 

Keywords: impact, plastic deformation, briquetting, upsetting. 

1. INTRODUCTION  

With the impact action machinery (hammers), the kinetic energy kE , generated by the falling down parts, is 

converted into energy for realization of a certain production process 1E , energy for elastic deformation of the 

machine parts and tools 2E , energy of friction on the moving parts 3E , energy of friction on the contact 

surfaces of impact bodies 4E , energy of rebound(s) of impact parts 5E  [1]. The 1E  component part, and 

hence, the efficiency of these machines depends on the following factors: rheological characteristics 

 ,...2,1jC j  of the material of which the impact bodies are made; impact velocity iV ; the ratio of the 

masses of the machine impact parts 21 / mm ; the rebound expressed by the coefficient of restitution 

i

RR

V

V

H

H
e 

0

, where 0H , RH  are the falling height and the rebound height, RV  is the rebound velocity. 

Therefore, with 21,, mmC j  set, the change of the efficiency can be achieved by changing the impact speed 

or by reducing the rebound after impact (reducing the coefficient of restitution).  

The impact velocity can be changed by using the so-called high-speed hammers, which impact velocity is 

two or more times greater than the impact speed of the conventional hammers [2]. When working with these 

machines it appears that the durability of tooling is small and the overall production costs are big, thus, the 

economic efficiency is unsatisfactory. 

With the existing designs of impact action machinery it is not possible to reduce the rebound, as they work 

with "free impact". This means that during the impact there is no connection between the impact parts and 

the machine drive mechanism. Therefore, no force action is possible to have effect on the parameters of the 

impact process and on the rebound height (the coefficient of restitution). 
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a)      b) 

Fig. 1 Industrial Rocket Engine (a) and die forging hammer propelled with this engine (b) 

1

2

PMAX

3

0

P'MAX

4

Time

F
o

rc
e

+V 

m/s

-V 

m/s

Vi1

Vi2

Vi3

VR1

VR2

ti1 tR1 ti2 tR2 ti3

t, ms

0

 

а)      b) 

Fig. 2 Force (a) and velocity (b) change at the time by “free impact” and “controlled impact”. On a): 1- free 

impact; 2, 3, 4 - “controlled impact”. On b): “i” - impact; “R” - rebound;  - “free impact”;  - 

“controlled impact” 

Fig. 1 [3] shows a Bulgarian-made industrial rocket engine (IRD) and a hot forging hammer operated by 

such an engine. With this type of driving, the drive mechanism can continue working during the impact 

process, and the speed of impact to be regulated within a wide range. Fig. 2 shows possible diagrams for 

changing the impact force and the speed of the hammer, operated by IRD. Fig. 2a shows that when an IRD-

drive is used, the impact force can be changed during the impact. We call this process a “controlled impact”. 

Fig. 2b illustrates the possibility of reducing to zero the rebound and getting an impact without a rebound - 

what we call "sticking impact", as a result of the action of the rocket engine trust R during the impact. 
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In [4] it is investigated the possibility of reducing the rebound and getting the "sticking impact" by elastic 

impact (impact between an ideal rigid body and an ideal elastic body). This work presents the results of an 

experimental study of the effect of the "controlled impact" in the plastic deformation and briquetting of metal 

chips. 

2. EXPERIMENTS DURING PLASTIC DEFORMATION BY UPSETTING 

  

 

 

a)       b) 

Fig. 3a A laboratory set up for studying of impact processes: 1 - base plate; 2 - lower fixed body for elastic 

impact; 3 - lower fixed tool for plastic impact; 4 - induction speed sensors; 5 - air on/off induction sensor; 6 - 

guides for the falling part; 7 - trigger mechanism; 8 electro-magnetic valve; 9 - air pressure control valve; 10 - 

air ‘On’ sensor; 11 - receiver of the light sensor for speed; 12 - cold rocket engine; 13 -  falling part; 14 - plate 

for activation of sensors 4, 5 and 11; 15 - light speed sensor emitter; 16 - electronic control board; Fig. 3b 

Impact schemes: 1- free fall; 2 - free fall + additional force R at the time of impact (controlled impact with 

max. smVi /5.4 ; 3 - fall with acceleration by a rocket engine, without  additional force R at the time of 

impact ( free fall with max. smVi /5.8 ) ; 4 - fall with acceleration by rocket engine + additional force R at 

the time of impact (controlled impact with max. smVi /5.8 ) 

The experiments were conducted by using the laboratory set up, shown in Fig. 3. The acceleration of the 

falling parts and the additional force effect in the deformation process is obtained through the operation of a 

cold rocket engine, marked as position 12. The term "cold" is used since in this engine, there is no 

combustion process and the engine trust R is realized by its feeding with compressed air at pressures up to 

30 bar. 

The rocket engine trust is R = 22 kg. Due to its relatively small value as a material for the experimental 

samples was used lead 99.99 % Pb. Two types of samples were prepared: with constant ratio of the height 

0
H  to the diameter 

0
D , 5.1/

00
DH ; with a ratio  8.1 ,5.1 ,2.1/

00
DH , and a constant volume 

3
,cm . The 

samples were deformed by upsetting with a maximum friction on the contact surfaces. It was purposes at 
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studying the effect of the "controlled impact" on the indicators: the relative deformation Δε, the specific 

energy sE , and the recovery coefficient е,  

[%],,/, 3

fici

k

s
cmJ

E
E  


           (1) 

where:   is the volume of the samples, 
fici  ,  are the relative deformations in "controlled impact" and "free 

impact", respectively. The results are shown in graphic form on Fig. 4. 
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a)      b)       c) 

Fig. 4 a -   - sE  diagram by “free impact”  

 
 and by “controlled impact” 

 
; b - variation of 

  with sE  and 
00

/ DH  by upsetting; c - Variation of rebound coefficient of restitution e with impact velocity 

iV  by upsetting: “free impact” -  

 
 

00
/ DH = 1.2; 

 
 

00
/ DH = 1.5; 

 
 

00
/ DH = 1.8;   - sE  

(Fig. 4 b) and “controlled impact”(Fig. 4 c) - 

 
 

00
/ DH = 1.2; 

 
 

00
/ DH = 1.5;  

 
 

00
/ DH = 1.8 

3. EXPERIMENTS ON IMPACT BRIQUETTING OF METAL CHIPS 

Chips of the following materials were used: grey cast iron (3.25 % C), steel (0.45 % C), Armko iron (0.02 % 

C), aluminum alloy (0.9 % Mn, 1.8 % Mg), copper (99.9 % Cu), brass (37 % Zn). The container in which 

chips were compacted was with a diameter of 20 mm, thus the chips were with small thickness, width and 

length. The mass of chips G per one briquette was measured with an accuracy of 0.01 g. After briquetting, 

the height of the briquette bH  was measured with a precision of 0.01 mm. 

The volume b and the specific density 3
/,/ cmgG

b
 , were calculated. The specific energy of the impact 

was calculated by formula (1). The results from the experiments are given in graphic form on Fig. 5. 
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d)      e)     f) 

Fig. 5 ρ - sE  diagrams for chips from: а - Armco iron; b - steel; c - gray cast iron; d - aluminum alloy; e - 

cooper; f - brass: ♦ - briquetting by “free impact”; ■ - briquetting by “ controlled impact” 

4. CONCLUSIONS 

The experiment with the plastic deformation by upsetting with constDH  5.1/
00

 shows an increase in the 

difference ,fici    with an increase of the specific energy of the impact sE . The maximum 

difference is 14.5 % with 
3

/ 8 cmJEs  - Fig. 4a. When using samples with different ratio 
00

/ DH  but with 

an equal volume, strong effect of this ratio on the dependence sE  -   was established. The biggest 

values of Δε were obtained with 
00

/ DH = 1.2, and the smallest values - with 
00

/ DH = 1.5 - Fig. 4b. This 

effect can be explained by the modification of the boundary conditions to reflect the plastic waves at both 

ends of the samples as a result of effect of the force R, applied by the rocket engine during the impact, i.e. in 

the "controlled impact" realization. 

The ratio 
00

/ DH  had effect on the coefficient of restitution е - Fig. 4b. This figure also shows that with 

increasing the impact velocity Vi, the coefficient of restitution decreases. This finding supports the results 

obtained in [4], [5]. In the "controlled impact", the reduction of rebound is much greater and when Vi > 7.5 

m/s - the impact is without rebound (sticking impact). In this type of impact, the following effects were 

obtained: 

The time of flowing of the deformed material into the die is prolonged. As a result, conditions for obtaining 

forged parts with complex shape and high dimensional accuracy were created, with a reduction of the 

number of passes for forging;  

The conditions of the dies operation were improved. Due to removal of the cyclic loading that was noticed 

with several subsequent impacts and rebound in case of „free impact” - Fig. 2b, the risk of occurrence and 

development of cracks from aging in the die materials was eliminated.  Thus, the problem with the short life 

of the dies used for hot die forging, can be resolved in the high-speed deformation. 

The experiments for impact briquetting of metal chips determined the following features of the dependence 

sE  - ρ for the cases of realization of the process by using “free impact” and “controlled impact”:  

The dependence sE  - ρ was highly influenced by the plasticity of the material of the chips. In terms of this 

index, the materials can be divided into three groups: with a high plasticity value (Armco iron and aluminum 

alloy); with a medium plasticity value (copper and brass); and with a low plasticity value (steel and iron). In 

briquetting chips from the first group of materials, constantly increasing density ρ was observed, with 
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increasing of sE - Fig. 5a, Fig. 5g. In briquetting chips from the second group of materials, the maximum 

density ρ was reached and the retention of this density with further increasing of sE  - Fig. 5d, Fig. 5e. In 

briquetting chips from the third group of materials, the maximum density ρ was reached and reduction with 

further increasing of sE  - Fig. 5b, Fig. 5d. This reduction is as greater as the carbon content. It can be 

concluded that in the impact briquetting of chips from the second and third group of materials it should be 

handled with optimum specific energy sE , being different for different materials, determined experimentally. 

In briquetting chips of materials with a high plasticity values, such values of sE and of the trust of the rocket 

engine R can be selected, for which the density of the briquettes obtained when using "controlled impact" to 

be very close to the density of the solid metal. For example, in the impact briquetting of chips of aluminum 

alloy with controlled impact - Fig. 5g, the density ρci = 2.804 g/cm3  was obtained, with a density of the 

monolithic alloy ρm = 2.804 g/cm3. In the free impact briquette the density was  ρm = 2.804 g/cm3     ; 

In the controlled impact briquetting of chips of the studied materials, the maximum density of the briquettes 

obtained was 1.4 % (brass) to 14.5 % (aluminum), greater then in the free impact briquetting. If a rocket 

engine with greater trust R is used to provide more additional force in the controlled impact briquetting, these 

values can be increased many times. 
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Abstract  

It was possible to form successfully the samples from aluminide of the type Fe-40at.%Al-Zr-B by uniaxial 

compression due to heating of forming tools. The initial material was obtained in the form of laboratory 

castings with highly heterogeneous structure, which made an objective evaluation of structure-forming 

processes difficult. It was necessary to roll the castings in protective capsules slightly and anneal them at the 

temperature of 1200 °C for the time that would ensure full recrystallization and homogenization of the formed 

structure. The samples with homogenized structure were  subjected to deformation 0.2 at the temperatures 

from 900 to 1100 °C and to following isothermal annealing lasting from 0 to 240 s. Microstructure fixed by 

water cooling was then subjected to structural analyses, which led to obtaining of unique information on 

kinetics of static recrystallization of the investigated alloy.  

Keywords: iron aluminides, as-cast microstructure, hot forming, annealing, static recrystallization 

1. INTRODUCTION   

The iron aluminides are considered as potential structural materials for many engineering applications. They 

usually offer a good corrosion resistance in many aqueous environments, low density and potentially lower 

cost than stainless steels. The amount of aluminum present in aluminides can range from 10 to 30 wt. % and 

is significantly higher than the aluminum concentrations present in conventional alloys and superalloys. The 

alumina layer formed on the surface of the materials is responsible for their excellent oxidation and 

carburization resistances even at temperatures over 1000 °C [1, 2]. Larger spreading of iron aluminides is so 

far impeded by difficulties at their processing by conventional forming methods. From this perspective, the 

situation is better in the case of Fe3Al type aluminides, enabling complex thermomechanical processes 

comprising hot forging, hot rolling, warm rolling and annealing yielding to grain refinement [3]. There exists 

an effort to improve the hot workability through electroslag remelting in these alloys [4]. 

The hot workability of B2 iron aluminides (typically with 40 at. % or with about 24 wt. % Al) is much more 

problematic. These alloys are extremely susceptible to crack formation in the surface areas cooled by 

contact with the forming tool [5]. These difficulties, which are evident particularly in the as-cast condition, are 

in laboratory conditions eliminated for example by resistant heated anvils at plastometric compression [6]. 

Use of hot extruded alloy powders produced by expansive gas-atomization and water-atomization 

techniques and hot extrusion, accompanied by favourable state of stress, is more frequent [7, 8]. Milling of a 

Fe-40Al alloy powder in a high energy planetary ball-mill was applied by [9]. Interesting results were 

achieved by application of the shock-wave explosive deformation [2]. Method of hot rolling in protective 

capsules, welded from ferritic stainless steel with hot deformation behaviour, which is very close to the 

behaviour of aluminide Fe-40Al, is very promising [10]. The ability of this method to deform coarse-grained 

as-cast material and refine thus effectively the grain size and homogenize the microstructure led to the 

mailto:ivo.schindler@vsb.cz
mailto:stanislav.rusz.fmmi@vsb.cz
mailto:pavel.hanus@tul.cz
mailto:kopecek@fzu.cz


May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

474 

interest in studies of the kinetics of static recrystallization of coarse-grained aluminide Fe-40at.% Al-Zr-B. 

The first results of this method are subject of this article. 

2. EXPERIMENTAL PROCEDURE 

Iron aluminide with average chemical composition 24.6 Al - 0.04 Cr - 0.01 B - 0.18 Zr - 0.01 C - 0.14 Mn - 

0.01 Mo (balance Fe - all in wt.%) served as experimental material. In the first stage, the cylindrical 

specimens with diameter 10 mm and height 12 mm were manufactured directly from central parts of 

laboratory castings of the cross section ca 19.5 (thickness) x 33 (width) mm, gained by means of the vacuum 

induction furnace.  

After the uniform heating to the temperature of 1200°C the samples were subjected on the plastometer 

GLEEBLE 3800 to uniaxial compression at the strain rate of 4 s-1. Logarithmic vertical strain 0.2 was 

achieved at 1200 or 1000°C. The samples were after deformation immediately quenched in water or 

annealed at the given deformation temperature for 5 to 100 seconds and then quenched. It was decided 

after evaluation of 8 tests results that a homogenization of the initial cast structure will be necessary before 

recrystallization annealing. This was done by rolling the castings in protective capsules by altogether 4 

reductions with magnitude of deformation of 0.1. Before the 1st and the 3rd passage the castings were 

placed into the furnace with the temperature of 1200 °C. The final thickness of the rolled products was  

13.3 mm. The resulting structure was still not sufficiently homogeneous, that's why we applied their 

homogenization annealing in a vacuum furnace at the temperature of 1200 °C. The samples for plastometric 

studies were again manufactured from the annealed rolled products that were conducted at the temperatures 

of deformation of 1100 - 1000 - 900°C followed by annealing at these temperatures with a dwell of 0-240 

seconds (total of 12 tests). Evaluation of structures was made metallographically or using the Electron 

Backscatter Diffraction (EBSD) analysis. 

3.  EVALUATION AND DISCUSSION OF RESULTS  

In spite of ultrasound application during casting and solidification [11] the resulting cast structure was quite 

heterogeneous and with the exception of thin surface areas also very coarse-grained, with distinct  

dendrites - see Fig. 1. Non-homogeneity of the initial structure was reflected negatively at investigation of 

kinetics of static recrystallization in the first stage of the experiment - see Fig. 2.  

  

a) macrostructure b) microstructure in surface area 

Fig. 1 Structure of the laboratory casting 
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a) 1200 °C / quenched d) 1100 °C / 10 s 

  

b) 1200 °C / 17 s e) 1100 °C / 33 s 

  

c) 1200 °C / 60 s f) 1100 °C / 100 s 

Fig. 2 Results of EBSD analysis of annealed samples - initial cast structure  
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This is particularly evident at the annealing temperature of 1200°C, when it is impossible to remove the 

columnar grains by re-crystallization (Fig. 2b), and after longer time the structure is partially formed also by 

grains that became coarsened after recrystallization (Fig. 2c). The static recrystallization starts at the 

borders of original grains (Fig. 2d) at the annealing temperature of 1000 °C and the dwell of 10 s. The share 

of recrystallized grains increases with the increasing 

duration of annealing (Fig. 2e), but even after a period 

of 100 s not all grains were transformed (Fig. 2f). The 

lower annealing temperature leads to the formation of 

finer recrystallized grains, but the heterogeneity of the 

structure and grain size are significant in the case of 

both temperatures. The necessary homogenization 

annealing was performed on several rolled samples. It 

was established that dwell at the temperature of 

1200°C for 7 hours leads to sufficient homogenization 

of structure by static recrystallization by and 

subsequent coarsening of recrystallized grain - 

compare the photos shown in Figs. 3a and 3b. 

Investigation of static recrystallization in the second 

stage of the experiment, i.e. with initial homogenized 

structure of samples provides significantly more 

representative results. 

At high temperature of 1100 °C annealing process is surprisingly fast course of static recrystallization at high 

annealing temperature of 1100 °C is surprisingly fast (Fig. 4a), after 120 s of annealing the structure is 

formed by recrystallized and coarsened grains (Fig. 4b). 

  

a) duration of annealing 2 s b) duration of annealing 120 s 

Fig. 4 Results of metallographic analysis of the samples annealed at the temperature of 1100 °C -            

initial homogenized structure  

At mean annealing temperature of 1000 °C chains of new grains are evident at the initial grain boundaries 

after annealing lasting 2 seconds (Fig. 5a), annealing lasting 180 seconds leads to almost complete 

recrystallization. At the lowest annealing temperature of 900 °C almost perfect course of static 

recrystallization was recorded already after 44 s of annealing (Fig. 6a), long-term annealing leads to 

selective coarsening of new grains (Fig. 6b). Mean size of recrystallized grains decreases with the 

decreasing annealing temperature and their size distribution within individual samples is much more 

favorable than in the case of the samples with initial cast state. 

 
 

 

Fig. 3 Macrostructure after rolling (a) and 

after annealing of the rolled product                

1200°C / 7 hours (b) 
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a) duration of annealing 5 s b) duration of annealing 180 s 

Fig. 5 Results of metallographic analysis of the samples annealed at the temperature of 1000 °C - initial 

homogenized structure  
 

  

a) duration of annealing 44 s b) duration of annealing 240 s 

Fig. 6 Results of metallographic analysis of the samples annealed at the temperature of 900 °C -                 

initial homogenized structure 

At the lowest annealing temperature of 900 °C almost perfect course of static recrystallization was recorded 

already after 44 s of annealing (Fig. 6a), long-term annealing leads to selective coarsening of new grains 

(Fig. 6b). Mean size of recrystallized grains decreases with the decreasing annealing temperature and their 

size distribution within individual samples is much more favourable than in the case of the samples with initial 

cast state. Comparison of the obtained results with those obtained by other authors is difficult due to 

significantly different experimental conditions and the nature of the initial material. Bystrzycki [2] annealed a 

similar alloy at the maximum temperature of 800°C and he observed full recrystallization after approx. 10 

seconds, but the previous shock-wave deformation at room temperature accumulated in the material much 

higher density of defects than hot forming, which was used here. Yang and Baker [12] achieved in the alloy 

Fe-40Al by its annealing at the temperature of 900°C the size of recrystallized grain of approx. 230 μm, 

which is analogous with the result presented in Fig. 6a (900 °C / 44 s). For comparison - a much longer 

duration of approx. 600 s was needed for achieving of the complete course of static recrystallization of the 

disordered intermetallic Fe-17.3Al-3.8Cr-0.3Zr-0.13C (at. %) alloy [13]. Problems with final structure 

homogeneity were mostly recorded. Two distinct grain structures were observed in annealed B2 FeAl 

samples by Samajdar et al. [8] - small equiaxed grains and large columnar grains. The large columnar grains 

favored the [111] fiber texture. Possible selection of [111] directions for growth was due to grain boundary 

character distribution. 
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4.  SUMMARY  

It was shown that in the as-cast alloy Fe-40at.%Al-Zr-B with initial coarse-grained structure it is relatively 

easy to initiate static recrystallization by high-temperature forming and annealing, but it was very difficult to 

achieve a uniform grain size by this process. For achievement of sufficient structure homogeneity it was 

necessary to apply annealing at 1200 °C for 7 hours, after which all recrystallized grains got uniformly 

coarsen. A complete recrystallization after isothermal dwell of the order of 100 s was achieved by forming 

and annealing of the samples with homogenized initial structure at the temperatures of 900 - 1100 °C. 

Susceptibility to coarsening of new grains in the investigated alloy is comparatively high. The recrystallized 

shares and grain size for all 13 samples (including the initial homogenized state) will be determined after 

more detailed analysis of the results of the second stage of the experiment, which should lead to the 

possibility to quantify the parameters of the Avrami equation, describing the kinetics of static recrystallization 

of the alloy Fe-40at.%Al-Zr-B, depending on the temperature and duration of annealing after hot 

deformation. 
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Abstract 

This study evaluates the possibility of P/M FeAl alloys forging, with a special emphasis on the processing 

parameters. Fe-40at.%Al alloy powder was used in this research. The powder was consolidated to full 

density by hot pressing. Cylindrical compression specimens were machined from the compacts. 

Compression tests were performed on Gleeble 3800 thermomechanical simulator in order to characterize the 

material behavior under various temperature-strain-strain rate conditions. The tests were carried out at 

various strain rates over the temperature range of 700-1100°C. Next, cylindrical specimens with a height of 

10 mm and a diameter of 30 mm were machined from fully-dense compacts and used as a starting material 

for forging. The specimens were isothermally forged at 900 oC on a 100 t hydraulic press equipped with a 

specially designed forging dies. The research showed, that properly chosen forging conditions result in 

obtaining high quality FeAl alloy forgings without necessity of preform canning.  

Moreover, in addition to the experimental tests, numerical simulations of FeAl alloys forging were performed 

using QForm software. The boundary conditions for the simulations were prepared on the base of the 

experimental tests. The results of the simulations showed to be in very good agreement with the 

experimental observations. 

Keywords: FeAl alloy, powder metallurgy, microstructure, forging 

1. INTRODUCTION 

Iron aluminides have been of great interest over the last several decades for possible use as moderate to 

high temperature structural materials. These alloys are especially attractive because they combine low 

density with good strength, excellent corrosion and oxidation resistance at elevated temperatures, a wide 

range of chemical stability, and relatively low costs [1]. Despite the desirable properties mentioned above, 

FeAl alloys, like aluminide compounds in general, are known to have relatively high ductile-to-brittle 

transition temperatures, on the order of half their melting point. This results in the limited ductility and 

toughness of these materials as one approaches ambient temperatures. Such limited ductility in the case of 

iron aluminides is thought to be the result of environmental embrittlement caused by the presence of 

moisture which, when it reacts with aluminum on the surface, causes the release of hydrogen. These 

limitations in ductility have greatly restricted the low-to-moderate temperature processing of these materials 

and subsequently, their general use to date. 

Powder metallurgy (P/M) processing of FeAl-based alloys provides many advantages over more traditional 

casting techniques. The room temperature mechanical properties of these alloys, particularly ductility and 

strength, are microstructure sensitive [2]. In this respect, powder metallurgy methods are very promising, 

since much finer microstructures can be produced [3]. Recent studies have pointed out the importance of 

starting powder particle nature (particle shape, size or powder surface oxide content) [4] as well as 

thermomechanical parameters in relation to the processing of P/M FeAl alloys [5, 6]. This research evaluates 

the possibility of FeAl alloys forging, with a special emphasis on the processing parameters. 
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2. EXPERIMENTAL PROCEDURE 

-100/+325 mesh water atomized FeAl alloy powder was used in this research. The chemical composition of 

FeAl powder is shown in Table 1. 

Table 1 Chemical composition (at. %) of the FeAl alloy powder used in the investigation 

 Fe Al Zr Mo Si B C O 

FeAl alloy Bal. 39.3 0.05 0.19 0.31 0.02 0.22 0.85 

FeAl alloy powder was compacted to full density by hot pressing under an argon atmosphere at the 

temperature of 1100 oC. The density of the compacts was determined according to Archimedes method. 

Cylindrical specimens with a height of 12 mm and a diameter of 8 mm were machined from FeAl powder 

compacts and used for compression tests performed on Gleeble thermomechanical simulator. Plastometric 

tests performed on FeAl alloy powder compacts allowed determining true stress-true strain curves for the 

investigated alloy at various temperature-strain-strain rate conditions. These results were used in designing 

the parameters of P/M FeAl alloy processing as well as one of the boundary conditions for the performed 

numerical simulations of P/M FeAl alloy forging. Basing on the results of plastometric tests and the results of 

the numerical modeling of forging process, thermomechanical parameters of forging P/M FeAl alloy were 

determined. These parameters were used in laboratory tests of P/M FeAl alloy forging. 

3. PLASTOMETRIC TESTS AND NUMERICAL MODELING OF FORGING 

Plastometric tests involved compression tests performed at strain rates of 0.01 s-1, 0.1 s-1, 1 s-1, and 10 s-1 at 

100 oC intervals over the temperature range of 700-1100 °C. Gleeble thermomechanical simulator was used 

for compression testing. The load vs. displacement data obtained from the experiments were converted into 

true stress-true strain curves. Moreover, the inverse method was applied to interpret the results of the 

axisymmetrical compression tests performed on FeAl alloy samples. The examples of the calculated by the 

inverse method true stress - true strain curves for P/M FeAl alloy are shown in Fig. 1. 

 

Fig. 1 True stress - true strain curves for FeAl alloy powder compacts deformed in compression at a strain 

rate of: 0.1 s-1 (a), and 10 s-1 (b). 

Numerical modeling of the investigated forging process was performed using QForm 3D software. Calculated 

by the inverse method flow stress curves were applied to numerical simulations as one of the boundary 

conditions. 1 mm/s ram speed of the forging press was assumed in the performed simulations. Chosen 

results of numerical modeling of forging P/M FeAl alloy billet are shown in Fig. 2.  
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Fig. 2 Mean stress (a), effective strain (b), effective strain rate (c), and temperature (d) distribution in 

isothermally forged P/M FeAl alloy 
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Mean stress (Fig. 2a, 2b), effective strain (Fig. 2c, 2d), effective strain rate (Fig. 2e, 2f), and temperature 

(Fig. 2g, 2h) distributions in the forged part were analyzed. Some degree of strain inhomogeneity within the 

volume of workpiece was noticed. Several regions of different strain levels were also distinguished in the 

forged parts. In the analyzed forging of P/M FeAl alloy billet, the maximum values of effective strain are 

concentrated in a web of the forging, what is connected with intense material flow in this area of the forged 

part. The highest values of compressive stresses occur in the vicinity of web of the forged part (Fig. 2a). It 

can be predicted, that in this area the wear of forging dies will be increased. The simulations also revealed 

local increases of the effective strain rate in certain parts of the forged material (Fig. 2e,f), what can 

potentially cause local gradients of stresses leading to surface cracking of the forgings. 

4. FORGING TESTS 

Cylindrical specimens with a height of 10 mm and a diameter of 30 mm were machined from fully-dense 

compacts and used as a starting material for forging. The specimens were isothermally forged at 900oC on a 

100 t hydraulic press equipped with a specially designed forging tooling (Fig. 3). Ram speed of the forging 

press was 1 mm/s. 

 

Fig. 3 A schematic representation of isothermal forging device: 1 - stamp, 2 - die shield, 3 - top die, 4 - 

heating elements, 5 - furnace shield, 6 - thermocouple, 7 - forging charge, 8 - bottom die. 

Fig. 4 shows forging dies designed for isothermal forging as well as obtained P/M FeAl alloys forgings. 
 

 

a b 

 

Fig. 4 P/M FeAl alloy forging: forging dies (a) and obtained forgings (b). 
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The microstructure of P/M FeAl alloy powder compacts and forgings obtained from FeAl alloy powder 

compacts are shown in Fig. 5. 
 

      

a b 

 

Fig. 5 Microstructure of the compact (a) and forging (b) obtained from FeAl alloy powder. 

The nature of the microstructure of P/M FeAl alloy compacts as well as forgings, reflecting only the powder 

particle shape and size distributions, shows that both hot compacting and forging under assumed 

thermomechanical conditions resulted solely in densification and deformation of the grains in the case of 

forgings.   

5. CONCLUSIONS 

The following conclusions can be drawn from the present study:  

 Experimentally designed parameters of thermomechanical processing of FeAl alloys were applied to 

both numerical simulations of forging process and to experiments performed in laboratory conditions. 

 Thermomechanical parameters used in the experimental investigations of isothermal forging of P/M 

FeAl alloy allow obtaining high quality FeAl alloy forgings. 

 The microstructure of forgings indicates, that the assumed parameters of isothermal forging did not 

cause any significant changes in the microstructure of the investigated alloy. 

 The performed research on FeAl alloys forging showed good agreement of the experimental and 

numerical modelling results, what confirmed a proper design of the boundary conditions used in this 

study. 

 The research showed, that properly chosen forging conditions result in obtaining high quality FeAl 

alloy forgings without necessity of preform “canning”. 
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Abstract  

The use of forging tools in mass production has led to an enormous increase in the consumption  

of forging tools and the need for rapid and flexible tool renovations. A major lack in the renovations is to 

identify cracks propagating from the surface towards the core of the basic components. This article deals 

with the application of nondestructive detection technology when considering the size of die forging defects 

that arise in the process of forming. 

Keywords: forging tools, renovation, nondestructive detection technology 

1. INTRODUCTION 

Forging is one of the most economical manufacturing methods for making parts out of steel and non-ferrous 

metals. Advantages of forging in comparison to other methods include significant savings in materials, higher 

production rate, better grain structure and better surface quality. Requirements for construction materials for 

forging tools must comply with the high demands of the mechanical, physical and chemical aspects of high 

strength, toughness and hardness. Technical and technological processes depend on these characteristics, 

which directly affects the cost of the individual components and their competitiveness. Following impact, the 

tools have a longer shelf life, thus there is less downtime needed for replacement and repair. In this way, we 

can make better use of production machinery and equipment. Tools made of special hardened materials are 

highly cost-intensive, and therefore their design already considers the possibility of manufacture, renovation 

or repair. Generally when machining materials with impaired machinability and high hardness, non-cutting 

technologies that achieve high productivity, flexibility and excellent functional properties are used. The 

biggest problem is to choose the proper technology, which will restore the original mechanical and physical 

properties of tools or instruments as soon as possible at a competitive price. 

Temperature fluctuations on the surfaces of forging tools, plastic deformation, and the influence of thermo-

mechanical stress lead to alternating thermal fatigue and cause surface cracks. These defects significantly 

affect the quality of finished forgings and the lifespan of the forging die itself. To capture and track these 

defects, several destructive and nondestructive methods can be used for the detection of cracks within the 

tools. For fixing forging dies, nondestructive methods that do not disturb the shape and surface components 

is desireable. 

2. DIE FORGING 

Die forging is used for mass production (Fig. 1). The principle 

is that the heated material takes the final shape of the die 

cavity with one or more stroke. This method gives a more 

accurate shape compared to free forging. The accuracy of the 

surface can be significantly improved by further finishing Fig. 1 The principle of die forging 

mailto:andrej.czan@fstroj.uniza.sk
mailto:dana.stancekova@fstroj.uniza.sk
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operations such as calibration and a quality surface can be achieved, which should not be further cultivated. 

Using die forging, a high degree of reduction of material and fibres are achieved, which has a positive effect 

on the mechanical properties of the material [1]. 

To start, a blank is inserted into the lower part of the opened die. By action energy shaping, the machine 

moves one part of the die against another while the starting material fills the cavity. By fully grasping the die 

cavity, it is filled and transformed into the desired shape. The procedure for filling a cavity influences the 

speed of deformation, which depends on the type of machine. The impact of hammers causes greater speed 

creep in the direction of shock and the force of the press still makes better filling of cavities in a direction 

perpendicular to the acting force. These differences in filling the die cavity influence the choice of the type  

of molding machines and forging operations for the part [2]. 

3. CURRENT STATUS OF SOLVED ISSUE 

Blacksmith tools manufactured from special tool steel tool are highly cost intensive. The main part of the cost 

is attributable to the material itself, heat treatment and other chemical-thermal treatment of the surface. 

Therefore, the possibility of renovation or repair is already considered in the actual design of the die 

structure. An important aspect of the renovation process itself is the right choice of technology to restore the 

power tool’s original mechanical and physical properties, of course at a competitive price. The main 

challenge in selecting appropriate technology for tool renovation is heat treatment of high hardness and die 

surface treated by nitrided layer, which increases the resistance of the die cavity to scratching. In particular, 

the forging process leads to mechanical stresses that cause wear on the shape of the die (Fig. 2) and also 

fatigue fracture, which reduces the quality of finished forgings. Therefore, after a fixed life, a die forging is 

removed from the forging process and sent for repair or renovation. 

 

    

 

 

 

Fig. 2 Wear of die forging 

 

Fig. 3 Surface fatigue cracks on the 

functional surface of die 

3.1 Cracks and their flow 

Cracks can occur as a result of using the wrong terms of production. A poor cooling process for cast or 

forged parts, overheating during the grinding, or excessive tension during the manufacturing process are 

common causes of cracks. Cracks are defined as a narrow gap where the length along the surface is at least 

ten times greater than the depth in the material, and a visual example of cracks on a forging tool is shown in 

Fig. 3. In addition, the width of the fracture is very small, at least ten times smaller than the depth. The 

bottom of the fracture is mostly sharp, causing sharp notches in the material. Due to mechanical stress, 

especially when changing or alternating loads, there is a sharp notch at the bottom of the tension that can 

cause enlargement of cracks [3]. 

It is therefore very important to always pay close attention to cracks. Early detection and assessment of 

cracks are very important. This is especially true for surface cracks. In most cases exposed parts such as 

auto parts are subjected to the biggest stress on the surface. It is also important to note that not every flaw 

can damage components. The rule of crack mechanics says that some cracks can be tolerated. This 

depends on many factors and sometimes it is difficult to decide whether to use standard methods of 

nondestructive material testing [3]. 
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3.2 Renovation of die forging 

Renovating is a special case of repair, where the repaired object is a machine component. It is a work of 

restoring their functional properties to damaged machine parts. Renovation is a set of activities carried out in 

order to restore the operational status of components and extend their lifespan. It is a reparation in which 

worn parts are restored to their original geometric shape, size, and functional and mechanical properties in 

accordance with drawings and technical specifications. Renovation may be seen as a repair sub-sector, 

which contributes to reducing the cost of restoration and operation of machinery, but it can also be seen as a 

special case of recycling materials, which, moreover, reduces the demand for raw materials and energy 

sources [4]. Before renovation, it is necessary to map the extent of tool wear and infer the extent of 

renovations and technology needed. Range is determined by the size of the fracture surface that is removed 

by machining such that the outer surfaces show no signs of defects. This process is usually performed by 

visual observation using surface optical devices that can find the largest size defects generated in the forging 

process, which prevent efficient use. As control is exercised by subjective workers who often cannot assess 

the degree of wear, not least the size of the fracture, the process is repeated until all defects are removed. It 

often happens that the extent of wear is destructive for the die, which is able to detect only a few controls 

and subsequent surface treatment. From an economic point of view, the time and cost to renovate increases. 

Sometimes it is necessary to completely remove the forging dies during the renovation process due to 

excessive wear and damage. This process is well run and used in practice and seeks to simplify and 

intensify the technology of renovations. 

          

 

 

 

Fig. 4 Examination of cracks by nondestructive technology 

For this purpose, various methods are used to survey defects in materials and products, whether they are 

destructive or nondestructive detection technologies that can assess the extent of wear and thus offer more 

renovation options. Defectoscopy is a nondestructive method, and it is one of the best choices for renovation 

due to its ability to change the status of the sample for future use (Fig. 4). 

4. MAPPING OF CRACKS BY ULTRASONIC DEFECTOSCOPY 

Ultrasonic testing arose from the need to identify hidden internal defects in components that could lead to 

accidents involving finished products. It is a nondestructive testing method and has considerable importance 

in improving quality and reliability in industry, especially in engineering. It is one of the most important 

methods of nondestructive testing of materials and can detect material discontinuities resulting from the 

production process well as from mechanical stress during operation [5]. The effect of defects on the strength 

of the material depends on its nature, size and shape, which determine the nature of spatial defects. Planar 

defects include cracks, cold joints, unattaching and duality, while spatial character defects include bubbles, 

cavities and pores and are usually less dangerous for the strength of the material. Outside of these defects, 

whose nature is to be determined, there is also a transition formed between major groups, such as rows of 

pores and hair pores. The option to specify the nature of the defect depends on the shape of the object and 

the presence of a surface to which it is possible to attach the appropriate type of ultrasound probe. Detection 

of the nature or orientation of the defect is based on the directivity of ultrasonic transmission. The reflective 

property of these components, and thus the shape of the echo, depends on the nature and size of the defect 

[6]. 
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4.1 Methods for ultrasonic flaw detection 

Ultrasonic DiO - 562 

The defectoscopic machine STARMANS ULTRASONIC FLAW DETEKTOR DiO - 562 - reflective device is 

used for the detection of defects in the tested material and is equipped with a universal probe for measuring 

flat surfaces. 

Samples 

 

 

 

 

Fig. 5 Measurement of dies: 1 - measured die,  

2 - measured crack, 3 - ultrasonic probe 

Fig. 6 Measurement of dies: 1 - front die,  

2 - measured crack on volume, 3 - measurement 

from the bottom of the die 

Measuring systems use three methods: measuring probes, die-limited options, and cavity shape 

measurement (Fig. 5). Crack measurements can be from three directions, namely from the face, the outer 

periphery, and the bottom of the die (Fig. 6, 7). The basic measurement is focused on the forging die head 

(Fig. 8), but this does not give the desired results, because in this way it is not possible to capture the crack. 

This is justification for the diversity of internal die profile and a type of probe that has not been adapted for 

this measurement procedure.  

 

 

 

Fig. 7 The principle of crack depth 

detection by ultrasonic method 

Fig. 8 Start measuring the forehead and around the 

perimeter dies 

 

 

 

 

Fig. 9 Dies of two different internal profiles 

As a result, measurement is focused on the method of measuring the outer perimeter of the die. The die 

profile with rounded internal diameter by producing turning (Fig. 9, left), and it is not possible to measure the 

outer circumference or any significant and relevant dimension of the crack. Only cracks with forged internal 

profile produced by milling can be detected, as shown in Fig. 9 on the right. Detail of cracks and record 

measurements are shown in Figs. 10 and 11. 
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  Fig. 10 Detail of cracks of examined die 1.1        Fig. 11 Recording of failure and end echo for 2 cracks 

Ultrasonic flaw detection apparatus EPOCH LT a EPOCH 600 

On the sample, there were several cracks that could be visually detected and the intention was to measure 

their size using this device. Unfortunately, even this method has not conclusively determined whether there 

was a crack or whether there is an error. This is one of the main reasons we consider the complex and 

rugged profile of the crack, which caused consistent contact with the surface probes of die. For this reason, 

and following dialogue, it was decided to repeat the measurement with the device EPOCH 600th. This 

device unfortunately yielded equally unreliable results as its predecessor ECPOH LT and measurement has 

been completed. 

5. EXPERIMENTAL MEASUREMENTS USING A DEVICE RMG 4015 

 The crack depth measurement device RMG 4015 was used to detect the depth of the cracks.  

 Die 1 performs a die forging with recesses of a cylindrical inner cavity. 

                                 

    Fig. 12 Detail of cracks 3, 4 and 5 on die 1             Fig. 13 Course of 3. and 4. Crack in die 1 

 

 

 

 

    Fig. 14 Detail 7. and 8. Crack on die 1                Fig. 15 Course of 7. and 8. Crack in die 1  

As seen in the graph of 7. cracks (Figs. 14, 15), the crack spreads from the internal functional area across 

the top blacksmith dies up to the edge. From the measured values of the crack depth can be read that the 

maximum depth of the crack is located at the edge of the die. The course of the cracks is significantly 

different from the other measured cracks, which are much shorter and are found mainly in the vicinity of the 

internal curvature of the die cavity. This crack has a particular risk, because the next time the die is used 

there could be further spread and deepening of the cracks, which could lead to the exclusion of the forging 

die and inability to carry out further renovations. In 7. crack the top five crack depth measurements were 

carried out at the top of the forging die, therefore the depth of measurement has the value 0. The 

measurement was carried out towards the edge of the external die to the die cavity inner edge.  
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From the graphic course (Fig. 16) it can be seen that the crack depth increases to a maximum and then 

begins to fall. It is also 

possible to see that on the die 

there are cracks of different 

depths. Measuring cracks 

using the RMG 4015 device 

was quick and smooth, making 

it possible to demonstrate the 

practical use of the machine in 

engineering practice.  

 

Fig. 16 Graphical representation of cracks in die 1 

 

6. CONCLUSION 

In order to increase knowledge about the use of technology for nondestructive examination of cracks and 

consult with private companies that have long experience in the investigation of material defects, the 

potentiometric method was used. Equipment RMG 4015 proved reliable to measure the depths of external 

cracks in all types of die, regardless of the complexity of the shape or profile. Equipment deficiencies were 

due to a non-conductive surface layer, which prevented the measurement, and the type of probe used was 

RMSQ 0°, which was purchased for this unit. Due to the complexity of the surface and inside the cavity of 

some dies, which interfered with tears from the face amount of the cell dies after probe, RMSL 90° is 

suggested. Individual cracks in dies were measured and processed graphically for improved visualization 

using a CAD system, where the cracks in the stamping process can be seen. The potentiometric method is 

the preferable ultrasonic crack detection method to explore the depth of cracks. It clearly achieves results 

faster and is more intuitive for inexperienced workers. 
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Abstract 

In the present paper, magnesium single crystals were processed by a single pass via equal channel angular 

pressing (ECAP) at 230 °C in order to examine the dynamic recrystallization behaviour. Microstructure and 

microtexture were investigated by scanning electron microscope equipped with electron backscattered 

diffraction camera. The deformed microstructure was heterogeneous, composed of deformed (but 

unrecrystallized) and recrystallized zones. Formation of differently shaped and oriented dislocation walls is 

discussed as well as the character of high angle grain boundaries occurring in recrystallized zones. 

Keywords: Magnesium, single crystal, ECAP, recrystallization 

1. INTRODUCTION 

Equal channel angular pressing (ECAP) provides a technique for producing microstructures with grain sizes 

in the submicrometer or even nanometer range in bulk materials [1]. This procedure has been successfully 

applied to aluminium alloys but is more complicated in hcp metals such as magnesium due to usually low 

forming capability [2]. Several research groups have achieved some promising results concerning 

improvement of mechanical properties of magnesium alloys [1, 3]. However, the information available on 

mechanisms of grain refinement during ECAP of hcp metals is rather limited.  

In majority of studies, ECAP processing was carried out at elevated temperatures. Thus, the grain refinement 

is achieved by dynamic recrystallization (DRX). According to the nature of the process, two modes of DRX 

can be generally distinguished, discontinuous DRX (DDRX) and continuous DRX (CDRX). DDRX is a classic 

nucleation of strain-free grains and subsequent growth at the expense of deformed regions. The CDRX is a 

recovery process characterized by formation of low angle boundaries (LABs) via dislocation accumulation 

and the gradual increase of their misorientation resulting in the formation of high angle boundaries (HABs). It 

was observed that magnesium and its alloys undergo CDRX rather than DDRX during deformation at 

moderate temperatures (~200-250 °C) [4, 5]. Several processes occurring during CDRX of magnesium were 

described in which the role of original grain boundaries [6] or twins [7] on the recrystallization process is 

mainly emphasized. However, exact mechanism of CDRX remains unclear. 

Most of the investigations have been focused on the grain refinement of polycrystals, where the formation of 

new grains depends on presence and amount of original grain boundaries. There is a question how do the 

new grain boundaries form when there is a boundary-free structure at the beginning of deformation. Analysis 

of deformation structures of magnesium single crystal after one ECAP pass enables to investigate the 

occurrence of new grains directly from the deformation-free structures.  

This paper aims to investigate the formation of new grain boundaries via CDRX from boundary-free structure 

during ECAP deformation of magnesium single crystal.  

2. EXPERIMENTAL 

The single crystal (20 mm in diameter and 60 mm in length) was grown by Bridgman method from 99.99 % 

magnesium in graphite crucible under argon atmosphere with the pulling rate of 10 mm/h. Laue backscatter 

reflection technique and electron backscatter diffraction (EBSD) method were used to determine its 
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crystallographic orientation. The ECAP sample with dimensions of 10 mm  10 mm  35 mm was cut from 

the single crystal using electro-spark cutting machine. 

The ECAP die and the corresponding orientation of the single crystal are depicted in Fig. 1. The ECAP 

processing was performed using a die having internal angles Ф = 90° and  = 45°. The single crystal was 

held for 60 min in the die preheated to 230 °C and then processed in a single pass with the speed of 

5 mm/min followed by water cooling. Molybdenum disulphide and graphite powder were used as lubricants. 

After ECAP, the microstructural characterizations were performed using field emission scanning electron 

microscope (Ultra 55 Zeiss Ultra, working voltage of 20 kV) equipped with a high-speed EBSD camera 

(EDAX/TSL). The samples were mechanically ground using SiC papers followed by polishing with water-

based diamond suspension (particle size up to 1 µm). Final preparation was performed using mechanical-

chemical polishing in a solution of colloidal silica (Struers OPS) followed by etching in solution of 30 % 

HNO3. 

 

Fig. 1 Schematic illustration of the ECAP die and initial orientation of the single crystal. Initial orientation is 

shown in (0002) and (1010) pole Figs. . Dark gray rectangle shows the observation area. Coordinate system 

(ID insert direction, ED extrusion direction and TD  transverse direction) is also included. 

3. RESULTS AND DISCUSSION  

3.1. Microstructure  

Inverse pole figure (IPF) map and (0002), (1010) pole Figs.  of the single crystal after single ECAP pass are 

shown in Fig. 2. The map covers an area ~1.8  4 mm2. The microstructure consists of large deformed (i.e. 

unrecrystallized) areas and recrystallized regions. Unrecrystallized regions have orientation of basal poles 

close to A positions in (0002) pole figure (pink-violet-yellow colours in EBSD map) or close to B position in 

(0002) pole figure (blue colour in EBSD map). Unrecrystallized areas are characterized by smooth transition 

in colour contrast which indicates gradual tilting of the matrix due to successive arrangement of dislocations 

during ECAP. In segments with basal poles in A positions, twins can be distinguished and are visible in 

magnified image. According to the EBSD measurement, twins are {1012} twins, as the HABs between the 

matrix and the twins have misorientation of 86°11 2 05° [8].  

The recrystallized grains are situated in “bands” and are characterized by blue-green colours in the IPF map. 

These colours correspond to orientation of basal poles close to B position in (0002) pole figure. 

The (0002) pole figure in Fig. 2 shows that the density of basal poles is higher in the position A than at the 

edges (close to B position). This is because the fragments in A position are less recrystallized than 
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fragments in B position, where the basal poles are more scattered. The difference between the amount of 

recrystallization may lie in the difference in activity of the slip systems in these segments, especially with the 

possibility B segment to be deformed via the a basal slip which is not possible in segments with A 

orientation [9]. 

 

Fig. 2 IPF map of the ECAPed single crystal together with the (0002) and (1010) direct pole Figs.  from the 

same area as the IPF map covers. Pole Figs.  are coloured according to the legend of densities of [0001] 

and 1010 poles. Symbols A and B denote orientations found in deformed single crystals. Magnified image 

shows presence of {1012} twins. 

3.2. Formation of LABs in unrecrystallized regions 

Two stages of CDRX occurred during the ECAP process. First, dislocation walls i.e. LABs, are formed. 

Second, some of these LABs are transformed into HABs and new CDRXed grains are formed. In this paper, 

these two stages are considered separately. The regions where almost no evidence of new DRXed grains 

with HABs is apparent are called unrecrystallized regions. The regions where new grains with HABs are 

found, are recrystallized regions. Unrecrystallized regions represent areas suitable for analysis of formation 

of very first subrains and LABs before the structure is fully recrystallized. 

The IPF map from unrecrystallized area is shown in Fig. 3 a. HABs are depicted in black and the LABs in 

white colour. The map comprises differently oriented LABs which are shown by black arrows. There are 

LABs lying more or less parallel to shear direction (at 45° to the ED direction) and other LABs which are 

perpendicular on them. LABs lying parallel to shear direction transform in some parts to HABs. Their 

appearance can be explained as a consequence of intensive shear stress. When the strain reaches a certain 

value, LABs are formed to release the accumulated strain and can give origin to the shear bands. The 

orientation of basal planes is favourable for basal slip and thus the deformation is prone to concentrate in the 

bands [10].  

These LABs can act as preferential sites for appearance of new recrystallized grains with HABs. Newly 

appeared grains are shown in Fig. 3 a by yellow arrows. Some of the new grains with HABs are small and 

located individually at the LABs. They can appear e.g. as a consequence of bulging of these LABs. Other 
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new grains are quite big (more than ~20 m) and seem to appear via connection of LABs marked by black 

arrows, i.e. are formed between the bands. 

 

Fig. 3 IPF maps of (a) unrecrystallized region and (b) recrystallized region. (b) is accompanied by 

misorientation angle distribution and the misorientation axis distributions for 30° boundaries. 

3.3. Recrystallized regions 

Fig. 3 b displays the IPF maps of the chosen area containing new recrystallized grains with the HABs. The 

map is accompanied with misorientation angle distribution. The two local maxima are visible in the 

distribution. The first local maximum belongs to the LABs and the second one to the HABs with the 

misorientations around 30°. Misorientation axis distributions for 30° boundaries is also displayed in Fig. 3 b 

showing that these boundaries have misorientation axis close to 0001 The boundaries with the 

misorientations around 30° are frequently observed in deformed magnesium and its alloys (e.g. [6]). 

Ostapovets et al. [11] attributed the occurrence of the 30° peak to highly coincident grain boundaries (i.e. 

characterized by low values of the reciprocal density of the coincidence site lattice, ) with 0001 

misorientation axis formed in recrystallized areas. The occurrence of this 30° local peak is frequent even 

after more ECAP passes [4]. These low- boundaries may introduce local minimum energy configurations. 

Thus, the 30° HABs are stable and do not have a need to increase the misorientation to higher angles. 

Within the DRXed grains, the LABs are present and are depicted by red arrows in both Figs. 3 a, b. These 

LABs are straight, transverse the DRXed grains interiors in arbitrarily and thus divide the DRXed grains into 

smaller grains. EBSD analysis showed that the LABs are perpendicular to (0001) basal planes of grains. The 

observation of this kind of LABs is quite frequent [6, 10]. With progressing deformation they can incorporate 

more dislocations resulting in separation of two parts of the DRXed grain.  

4. CONCLUSIONS 

Oriented magnesium single crystal was processed by single ECAP pass at the temperature of 230 °C in 

order to investigate the mechanism of formation of new grains from the boundary-free structure. The 

deformed microstructure was heterogeneous, composed of deformed (but unrecrystallized) and 

recrystallized zones. {1012} twinning was observed in unrecrystallized zones. CDRX started with formation 

of differently oriented dislocation walls, which served as preferential sites for formation of new grains with 

HABs. In recrystallized areas, HABs with local maximum at the misorientation of 30° were observed. Long 

LABs formed perpendicular to the (0001) slip plane were frequently observed within the recrystallized grains 

causing the fragmentation into smaller grains.  
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Abstract 

The current production process of large aluminum bellows is often based on forming individual segments on 

a carousel followed by circumferential welding. This paper discusses the application of tube hydroforming 

technology for the forming of aluminum bellows. Comparing to more conventional manufacturing via forging, 

stamping and welding, tube or sheet hydroforming offers several advantages, such as decrease in workpiece 

cost, tool cost and product weight, fewer secondary operations, improvement of structural stability, and 

increase of the strength and stiffness of the formed parts, as well as more uniform thickness distribution. This 

paper also presents a simple experimental procedure utilizing a universal tensile-bending-drawing test as 

a suitable way for reliable material data fitting. 

Keywords: Aluminum bellows, tube hydroforming, material data fitting 

1. INTRODUCTION 

Bellows are quite important group of products made by hydroforming of tubes. They are commonly used in 

piping systems to absorb expansion and mechanical movement and they have widespread applications in 

industrial and chemical plants, power systems, heat exchangers, and automotive vehicle parts [1]. However, 

the deformation behavior of the tube during hydroforming is greatly influenced by the friction at the interface 

between the tube and the die [2]. In critical applications with complex-shaped products [3] there are however 

ways around this problem - ultrasonic vibration of dies [4] or warm hydroforming [5]. Another problem typical 

for most forming processes - decrease in wall thickness - can be in case of tubular hydroforming prevented 

by compressing the tube in the axial direction simultaneously with the action of the internal pressure. If the 

internal pressure is too small or the axial compression is too high, the wrinkling of the tube wall will take 

place. Hence, proper levels and the paths of both internal pressure and axial compression (or axial feeding) 

during tube hydroforming are keys to prevent the occurrence of these defects. Finite element simulations can 

be employed to assess reasonable levels and paths of these important technological parameters. 

The question is whether tubular hydroforming can be applied also to large bellows having approximately one 

meter in diameter. Quite common way of production of large aluminum bellows is forming individual 

segments on a carousel followed by circumferential welding. Moreover, use of unhardened aluminum (for 

example Al99,5) with low yield stress is in this case necessary in order to ease the forming on the carousel 

as it is done by hand. Employing hydroforming instead would not only result in avoiding circumferential 

welding but might also enable the use of better material (such as heat hardened aluminum alloy AlMgSi0,5) 

which in turn would increase the stability and endurance of the final part. 

It is well known that especially for large deformation analyses a great attention must be paid to proper 

specification of material data. Therefore, a simple experimental procedure utilizing a universal tensile-

bending-drawing test was proposed to conduct material data fitting and to verify the ability of a finite element 

model to predict correctly the point when local plastic deformations (in case of tensile specimen known as 

necking) exceed a certain level resulting to subsequent material failure. The aim of this article is to present 

some findings concerning the influence of friction and the effect of proper axial feeding on producibility of 

large diameter bellows by means of hydroforming. 
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2. MATERIAL TESTING PROCEDURE 

It is crucial for a reliable finite element analysis involving large deformations to have a complete stress-strain 

curve available in the solver. Moreover, mechanical properties of aluminum alloys vary quite a lot and the 

parameters presented in material datasheets include only the main material constants (Table 1). Therefore, 

a tensile test (Fig. 1) as a starting point of material data fitting process is in practice inevitable. It should be 

stated here that only AlMgSi0,5 alloy (distributed in heat hardened state) was available for preparation of test 

specimens. Instead of unhardened aluminum Al99,5 it was decided to soft anneal AlMgSi0,5 (annealing 

temperature 400 °C, cooling rate 25°C/hour down to 250 °C). For comparison, see curves in Fig. 2.  

To verify the ability of a numerical analysis to predict material behavior during hydroforming process it was 

decided to set up a simple experiment which would resemble deformation state during tubular hydroforming. 

The test fixture (Fig. 3) induces a combination of tensile, bending and deep-drawing loading in the test 

specimen which is for simplicity the same as for the pure tensile tests.  

As the initial workpieces for tubular hydroforming are usually longitudinally welded tubes, all experiments 

were conducted with plain samples as well as with welded samples. It turned out that the samples with 

longitudinal weld (welded with WIG method according to technological specification valid for the large 

diameter aluminum tubes) exhibited increased strength for the same deformation (compare curves in Fig. 4). 

This fact justified the decision to numerically simulate only the experiments with plain samples. 

Table1 Mechanical parameters of selected aluminum alloys (presented in datasheets of ALUCAD Bohemia) 

Aluminum alloy Yield stress [MPa] Strength limit [MPa] Elongation [%] 

EN-AW-1050 0 (Al99,5) 15 90 29 

EN AW-6060 T6 (AlMgSi0,5) 160 215 12 

 

  

Fig. 1 Set-up of the tensile test and the dimensions of the test specimen 
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Fig. 2 Records of tensile test - hardened AlMgSi0,5 (left) and soft annealed AlMgSi0,5 (right) 

  

Fig. 3 Set-up of the tensile-bending-drawing test (TBDT) - fixture (left) and broken welded specimen (right) 

  

Fig. 4 Records of TBDT with soft annealed AlMgSi0,5  - plain specimen (left) and welded specimen (right) 
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3.  MATERIAL DATA FITTING PROCEDURE 

Material data fitting was done for both analyzed materials (hardened and annealed AlMgSi0,5) in two steps. 

First, the initial stress-strain curve in the FE solver was derived from the records of tensile tests and 

adjusted so that the numerically evaluated F-d curve for the tensile specimen coincides with the 

experimentally obtained F-d curve. As the second step, a finite element model of the tensile-bending-

drawing test was prepared (Fig. 5) and the stress-strain curve was slightly modified in order to achieve a 

better correlation between experimentally measured and numerically evaluated F-d curves (Fig. 6).   

  

Fig. 5 FE model used for simulation of TBDT - eq. plastic strain 0.55 corresponds to the state with max. F 

  

Fig. 6 F-d curves of TBDT of the plain hardened specimen - measured experimentally (left) and evaluated 

numerically (right) 
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4.  NUMERICAL SIMULATION OF BELLOW  HYDROFORMING 

Thanks to both rotational and plane symmetry of the problem only a geometrically simple FEM model was 

analyzed (Fig. 7). Results of numerical analyses of bellow hydroforming for various friction coefficients are 

presented in Fig. 8 - in all case hardened AlMgSi0,5 was used.                

 

Fig. 7 Axisymmetrical FEM model of the tube (blue elements) and the die (red curves) - in the photo there is 

a bellow produced by current technology (forming on a carousel followed by circumferential welding) 

 
 

  

Fig. 8 Influence of friction on the final shape of the bellow - without (top) and with (bottom) axial tube feeding 
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5.  CONCLUSION  

It was confirmed that numerical analysis with properly fitted material data is capable of predicting the 

behavior of stressed parts even close to the point of structural failure. Having this in mind, one can then use 

finite element analysis to assess producibility of large diameter bellows by means of hydroforming. 

Furthermore, it was shown, that large bellows can be hydroformed with relatively low pressure (20 MPa) 

without the need to employ presses with extremely high closing force. Also, it should be clear that hardened 

aluminum alloys can be used in this particular application supposing the internal pressure is accompanied 

with a suitable axial feeding of the formed tube into the die (Fig. 9). It was demonstrated that influence of 

friction can be to some extent eliminated through the use of proper tube feeding. 

 

Fig. 9 Tubular hydroforming without axial feeding (left) and with axial feeding (right) - F is the closing force of 

the press, Fs is “sealing force” and Fa  is “axial force” for tube feeding 
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Abstract  

The main objective In this research is studied the evolution of deformation texture during drawing of copper 

wire (ETP-99.26 %) destined for the electrical cabling and understand its link with mechanical and electrical 

properties. We observed that the cold drawing causes a crystallographic anisotropy and elongation of grains 

along the axis of drawing. The texture is mainly made up of fiber <111>//DN (DN// wire-drawing axis) 

(majority texture) and of fiber <001>//DN (minority texture). On the other hand we noted an increase in 

hardness, mechanical resistance and electrical resistivity of wire drawn with the deformation level by 

wiredrawing [1-7]. The characterization methods used within the framework of this study in order to identify 

the microstructure and texture evolution for the deformed wires are : electron back scattering diffraction 

(EBSD), diffraction by X-ray, optical and electronic microscopy, microhardness, the tensile test and electric 

resistivity measurement. 

Keywords: Microstructure, Hardness, Electrical resistivity, Mechanical resistance 

1. INTRODUCTION  

During the plastic deformation of a polycrystalline material, the grains undergo rotations which modify their 

crystallographic orientation. These rotations depend of the imposed deformation mode and of the activated 

slip systems in each grain, and the grains size decreases in the section of the wire while going from the 

periphery towards the center Jakani et al [1]. These orientations of grains generate in material the formation 

of texture known as deformation texture [1]. There are several types of texture which we can meet in wires 

drawn: fiber texture, cyclic texture and single-crystal texture [2]. In wires drawn of CFC structure, the 

observed textures are essentially made up of an alliance in variable proportion of two components fibers 

<001> and <111> [3]. The electrical power and the information occupy a very significant place in our 

everyday life, and the manufacture of a powerful tool to transport this energy and this information becomes 

effectively a major need. The material more known by its reliability of electrical contact, its high ductility and 

its availability it is the copper. The stake for the manufacturers and the scientists it is the control of 

mechanical and electrical characteristics of the obtained wires. For this purpose, we completed a work in an 

objective to widen the state of knowledge acquired since 2002 [4] on steels and to apprehend the 

phenomenon of deformation texture formation on the granular scale and also to understand the relationship 

between electrical conductivity and the structural orientation of new material. 

2. STUDIED MATERIAL AND CHARACTERIZATION METHODS  

In order to identify the microstructure evolution, a delicate experimental analysis is devoted for the 3 stages 

of deformation after having analyzed the machine wire (Fig. 1). We chose for this study the as-received wire 

(DUCAB) 98,33 %. This as-received wire of initial diameter 8, 08 mm as well as three wires of various 

diameters which represent the three various deformations (ε1 = 40, 55 %, ε2 = 67, 31 % and ε3 = 90, 58 %) 



May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

503 

were provided by ENICAB Company of Biskra (Table 1). The methods of characterization used within the 

framework of this study are:  electron back scattering diffraction (EBSD), diffraction of X-ray, optical and 

electronic microscopy, microhardness, the tensile test and the measurement of electrical resistivity. 

Table 1 Chemical analysis results of the studied wire determined by ERIS Company of Seriana-Batna 

(Algeria) 

 Principal impurities % 

Metal [Fe] [Zn] [Ni] [Pb] 

«DUCAB» 98.33 % 0.021 0.003 <0.0044 <0.04 

3. CHARACTERIZATION OF AS-RECEIVED WIRE 

Hot-rolling state: we will present a microstructural analysis of wire copper (as-received). This characterization 

at the stage of the hot deformation is of the first importance before apprehending the analysis of the three 
cold draw stages. At the exit of hot-rolling, the as-received wire presents, at the EBSD scale, a 

microstructure completely recristallized and very heterogeneous structure (Fig. 1). 

 

Fig. 1 Microstructures by EBSD, of as-received wire 

4. CHARACTERIZATION OF DEFORMED STAGES 

The microstructure (Fig. 2a) of as-received wire shows an equiaxe form of grains. On the other hand, the 

microstructure of machine wire drawn to ε2 = 67, 31 %, we observe a lengthened microstructure along the 

wire-drawing axis (Fig. 2b). According to Zidani et al [5-6] when deformation rate increases, the drawn wire 

acquired a textured microstructure. This texture is frequently observed in drawn wires is known under the 

name of Fiber texture. 

 

Fig. 2 Microstructures by SEM a) as-received wire b) drawn wire (ε2 = 67, 31 %) 

a. Grains size (drawn state) 

According to the three cartographies associated each step of wire-drawing reconstructed by EBSD (Fig. 3): 

we observe a reduction in grains size with the increase of deformation level, the shifting is well marked on 

the superimposed graphs of grains size (Fig. 3). The grains size decreases in the section wire while going 
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from periphery towards the [7]. The grains orientation and size is related to the deformation level and the 

mode of this last. 

 

Fig. 3 Microstructures reconstructed by EBSD at the drawn state (ε1 = 40, 55 %, ε2 = 67, 31 % and  

ε3 = 90, 58 %) and associated distributions of grains size 

5. MECHANICAL PROPERTIES EVOLUTION  

Microhardness measurements show an increase in the hardness of drawn wire in function of deformation 

level by wire-drawing; this increase is very strong at the first stage of deformation then tends to stabilize (Fig. 

4). This type of result was already met on the drawn wires steel [4]. This phenomenon is related to the 

reduction of grains size. 

 

Fig. 4 Average value evolution of microhardness in function of deformation level 
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The tensile test was carried out starting from as-received wire (DUCAB) until the last wire-drawing stage and 

this for the deformed state. We sees clearly according to both Figs.  of mechanical resistance evolution and 

lengthening in function of deformation level by wire-drawing (Fig. 5) that the resistance at break increases 

when the deformation by wire-drawing increase on account of  reduction of grains size and increase of 

dislocations density in material (stored elastic energy). On the other hand lengthening falls in function falls in 

function of deformation. (Fig. 6). 

 

Fig. 5 Mechanical resistance evolution in function of deformation level 

 

Fig. 6 Lengthening evolution in function of deformation level 

6. ELECTRICAL PROPERTIES EVOLUTION 

The results of the electrical resistivity at the deformed state are illustrated in (Fig. 7). We clearly notice a light 

increase in electrical resistivity in function of deformation level by wire-drawing; this increase is explained by 

the privileged orientation of grains on the one hand and by the reduction of grains size on the other hand. 

Therefore this new material requires an adapted heat treatment to restore the initial material characteristics 

(Electrical and Mechanical) [7-8]. (Table 2) shows the results of mechanical and electrical properties. 

7. CONCLUSIONS 

In this investigate we studied the microstructure evolution of a copper wire provided by ENICAB Company of 

Biskra (Algeria) drawn in three steps of deformation in a purpose to comprehend his relationship with the 

mechanical and electrical properties, and this, for the drawn phase. In this study we observed that the cold 

draw causes anisotropy crystallographic and a lengthening of grains along the wire-drawing axis, we noted 
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also an increase in hardness, the mechanical resistance and electrical resistivity of wire drawn with the 

increase of deformation level by wiredrawing.  

 

Fig. 7 Electrical resistivity evolution in function of deformation level 

Table 2 (Mechanical/Electrical) results of the  drawn wires determined by ENICAB Company of Biskra 

ε(%) A(%) Rm (N/mm2) ρ 

(Ωmm2/m) 

0 39 235 0,01639 

40,55 4 322 0,01700 

67,31 2,5 414 0,01708 

90,58 2 464 0,01735 
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Abstract  

New and more complex industrial applications also call for the development of new materials with special 

properties. Heat-resistant steel P92 can be classed as one of these materials. To predict such materials 

behavior by different running conditions or by defined heat treatment it is important to acquire a sufficient 

number of adequate input parameters in temperature dependence. The submission deals with the analysis 

of the temperature impact on the grain size, which is an important input parameter for numerical simulations. 

This parameter has direct connection with the resulting mechanical properties of a given material. Different 

types of the evaluation of the grain size according to ČSN EN ISO 643 standard are also presented, both for 

a thermally unexposed specimen as well as for thermally exposed specimens during different length of time. 

The submission further shows how the resulting data can be used in numerical simulations for the grain size 

prediction after welding or heat treatment. 

Keywords: Grain Size, Steel P92, Numerical Simulations, Sysweld Program  

1. INTRODUCTION  

Application of New and progressive materials and managing their technological processes is accompanied 

by an effort to use simulation computations, which can substantially eliminate the risks linked to the 

occurrence of unacceptable defects. This is also valid for the application of numerical simulations in welded 

constructional units. The Sysweld simulation program is one of such programs used in welding processes. 

Input data for thermal-metallurgical and mechanical analyses are decisive for the credibility of simulation 

computations results. In order to predict the structure and resulting properties in weld joints area it is 

necessary to know the grain size, not only for the material´s initial state but also for the processes of 

changes which occur during welding or the subsequent heat treatment. Within the TA02010990 project the 

research was also focused on the determination of input parameters for grain size in numerical simulations 

by different types of basic materials. Methodical procedures and experimental results concerning grain size 

determination by steel P92 are also presented in the submission.  

2. STEEL P92 CHARACTERISTICS  

Over a long period power engineering has been trying to increase energy efficiency and operating time of 

energetic units as well as to reduce CO2 emissions. These objectives can be primarily achieved by 

increasing the steam temperature and pressure. Development tendencies of steam parameters anticipate 

that the temperature could increase to 700 °C and the pressure to 35 MPa. Some prognoses count even with 

higher temperatures. This increase of parameters would trigger an introduction of new materials on the Ni 

basis. It is assumed that the increase of the overall efficiency of the equipment will up to 50 % [1]. For the 

temperature range of 600-620 °C and pressure of about 26 MPa, the modified 9-12 % of Cr steel appears 

promising. P92 steel belongs to this kind of steel. P92 steel is ferritic steel (9 % Cr, 1.75 % W, 0.5 % Mo) 

alloyed with vanadium and niobium and with controlled amount of boron and nitrogen. This steel is the result 

of a Japanese research and its original name was NF 616, after the producer Nippon Steel Corporation. 
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According to ASTM it is marked as P92 steel. Due to the high amount of chromium and the inherence of 

other alloying elements by unmodified (9-12) % Cr steels, the curves in CCT diagrams are shifted to long 

times and that is why these steels are hardening also in great thickness by cooling in the air. Consequently 

these steels have martensitic structure in a wide range of cooling rates.  

Material in the form of a tube with ø 38 mm and wall thickness of 6 mm was used for grain size prediction 

and analysis. The chemical composition analysis is seen in Table 1. Fig. 1 shows the initial state of the 

tested material microstructure.  

Table 1 Chemical composition of tested material X10CrWMoNb9-2 (P92) 

 C Mn  Si Cr  Mo W V Nb N 

wt. % 0.101 0.409 0.246 8.939 0.429 1.688 0.193 0.055 0.057 

 

 Fig. 1 Initial state microstructure of P92 steel (Villela Bain) 

3. GRAIN SIZE COMPUTATION IN SYSWELD PROGRAM 

The thermodynamic driving force for the grain´s growth is the reduction of Gibbs free energy of the surface. 

The grain growing process results in the reduction of the grain surface´s boundary and thus to a decrease  of 

free energy. The Grain size is important in two aspects. It is important in the light of mechanical properties of 

the material (e.g. brittleness properties), but also with respect to the influence on the transformation running 

processes, as it was stated before. The change of the grain size is related to temperature change and is 

crucial for the proportional amount of the relevant phase. The following basic rules are applied for the grain 

growth: 

 The grain grows because its boundaries shift and not because they grow together. 

 The movement of grain size is interrupted and the movement direction could suddenly change. 

 The grain could growth into another one to the detriment of its volume. 

 The Grain consumption often increases, when the grains are almost consumed. 

 The Curved boundary usually migrates to its curvature centre. 

 If the grain boundaries of one phase meet together in angles different than 120 grades, grains with the 

acute angle boundary are consumed so that the angle approaches 120 grades. 
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The First models build on the physical basis were developed at the beginning of 1950s (Smith 1952, Burke a 

Turnbul 1952). However there was a considerable difference between the theoretical and experimental 

determined values. In 1980 a new approach based on numerical simulations was introduced. On the basis of 

simulation computation it was also possible to monitor processes which were difficult to observe 

experimentally (e.g. the volume change rate of individual grains). Over the years a number of simulation 

methods were developed, while the most used one is the „Monte Carlo Potts Model“ method. A Description 

of this method is given for example in [2, 3]. An Ideal rule for the grain growth is given by equation (1). 

Constant K is expressed by equation (2) [4]. 

tKDD aa  0
           (1) 

TR

Q

eKK 


 0             (2) 

D - grain diameter, 

D0 - initial grain size, 

Q - activation energy (J·mol-1), 

R - gas constant (J·K-1·mol-1), 

T - temperature (K), 

a - coefficient (-). 

 

It was established by experiments, that m coefficient values move between 2 and 5. Value a=2 applies, if the 

grooving process is solely controlled by diffusion. Value a=4 is determined in case of precipitation and 

diffusion along the grain boundary. Grain grooving is however influenced by other factors, for example 

heating rate and grain growth barriers. 

The computation of grain size proceeds in the Sysweld simulation program on the basis of equation (3) 

which expresses the growing rate of the grain size. 













TR

Q
CD

a
exp           (3) 

Constant C (mma·s) is usually 0.4948·1014 mm4.s-1. Satisfactory results by computations are reached through 

the ratio Q/R = 63900. This computational equation is designed for cases, when the amount of austenite is 

constant or is decreasing. If the amount of austenite increases, two developments are observed: 

 The size of existing grains is increasing. 

 Generation of new grains is undergoing by zero initial grain size. 

By generalization of the conventional equation, in order to determine the grain size, we arrive to the following 

equation (4). 

aa
D

TR

Q
CD 














 exp   for  >0 austenite is created    (4) 

In this equation the λ value expresses the austenite proportion while the value   shows the transformation 

rate of this phase. If the austenite is not created, i.e.   0, the behaviour is expressed by the equation (3).
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4. EXPERIMENTAL DETERMINATION OF GRAIN SIZE  

For simulation computations in Sysweld program it is important to know the real conditions linked to the 

thermal exposition of the material. That is why the grant project tests the grain size changes by thermal 

exposition. The tested samples were 12 mm long rings cut from the given tube on the Delta AbrasiMet 

equipment. They were thermally exposed in an oven at 1000 °C, 1100 °C for 4 and 8 hours and subsequent 

cooling down in water. Other specimens were exposed at 1179 °C for 1 and 4 hour with subsequent cooling 

down in water as well as in the air. By heating to the tested temperature the heating rate for all specimens 

was 420 °C/hour. 

Specimens for the structure validation were prepared under a standard metallographic procedure. Villela 

Bain enchanting was used for highlighting the structure. The grain size was evaluated according to CSN EN 

ISO 643 standard. This standard specifies the micrographic determination method of ferrite and austenite 

grains in steels. It describes the possibilities of determining the average size of a grain in case of specimens 

with equal size distribution. The Grain size is determined by microscopic observation of a metallographic 

specimen prepared by a suitable method according to the steel type. The Average size of a grain is 

characterized either by the grain size number and/or by the average value of the caught grain sections. 

Within the experiment the grain size was expressed partly by the intersectional method and partly by the 

planimetric method. On the basis of the established data an average amount of sectors per millimeter of the 

measuring line NL, an average length of the captured sector l and a middle grain surface and the 

corresponding number of grain size G were determined.  

The Grain size number is marked by G and is defined with the equation (5), while m is the number of grains 

per square millimeter of the tested specimen in the evaluated surface. The Grain middle surface a  is 

determined by the equation (6) and the Middle grain diameter d  is also determined by the equation (7). 

However, this approach is based on a wrong presumption that a grain has a square shape and that is why it 

cannot be recommended. 

3
2log

log


m
G             (5) 

m
a

1
              (6) 

2/1
ad              (7) 

Determined values of the grain size for individual experiment conditions are shown in table 1. The middle 

grain diameter value is also mentioned there. 

5. SIMULATION COMPUTATIONS OF GRAIN SIZE 

Experimentally determined values of grain size were used as input data for grain size calculation in the 

Sysweld simulation program. The computations of this program are based on the equations (3) and (4). The 

value of the Activation energy Q can be set by the definition of the computation model using the positive 

power constant a and the constant C. On the basis of long time experience it is recommended to keep the 

constant value C=0.4948·1014 mm4.s-1. When testing the computational model, it was find out that the best 

match with reality is achieved through the positive constant value a=4. The main output parameter (apart 

from the grain size determination by experiments) is the activation energy value Q, or the ratio Q/R.  

When defining the computation model, the model is first tested on simulations of experiments done during 

the measurement of grain size and compared with the real-life established values of grain size for thermally 

untreated specimen as well as for thermally exposed specimens. These data are used as the basis for 
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establishing the activation energy value Q, or ratio Q/R. In case of P92 steel this ratio is Q/R=72800 for  

1000 °C, Q/R=69800 for 1100 °C and Q/R=68000 for 1179 °C. 

Such a checked model is consequently used for the calculation of the grain size on the basis of non-

stationary temperature fields appearing during welding. Table 2 and Fig. 2 show the result of the numerical 

computation of the grain size in case of tube heterogeneous weldment from materials P92/S304H. The Weld 

was made by an automatic machine using ISO 4063-141 method. The performed weld was used to prepare 

specimens for a matallographical analysis, to determine the grain size in the heat affected zone to compare 

the results against the results from simulation computation. 

Table 1 Determined values of grain size [5] 

Specimens - P92 NL l G1 
Number 
of grains 
in 1mm2 

Middle grain 
surface [mm2] 

G2 
Middle grain 

diameter 
[mm] 

  

Initial 
state 

  

LD 
water 

186.865 0.00535 12 18185.4 0.0000549890 11 0.00742 

177.860 0.00562 12 16555.4 0.0000604030 11 0.00777 

TD 
water 

143.118 0.00699 11 17066.8 0.0000585934 11 0.00765 

120.916 0.00827 11 15724.4 0.0000635953 11 0.00797 

  
1000 °C 
4 hours 

  

LD 
water 

83.134 0.01203 10 4953.8 0.0002018640 9 0.01421 

103.004 0.00971 10 6296.2 0.0001588268 10 0.01260 

TD 
water 

75.708 0.01321 9 4762.1 0.0002099925 9 0.01449 

79.318 0.01629 9 4442.5 0.0002250999 9 0.01500 

  
1000 °C 
8 hours 

  

LD 
water 

61.396 0.01629 8-9 2429.0 0.0004116958 8 0.02029 

62.174 0.01608 8-9 3314.9 0.0003016667 9 0.01737 

TD 
water 

70.766 0.01413 9 3867.2 0.0002585785 9 0.01608 

65.464 0.01528 9 3259.9 0.0003067537 9 0.01751 

  
1100 °C 
4 hours 

  

LD 
water 

19.866 0.05034 5 320.2 0.0031233360 5 0.05589 

16.688 0.05992 5 337.7 0.0029613748 5 0.05442 

TD 
water 

19.001 0.05263 5 306.2 0.0032653100 5 0.05714 

25.793 0.03880 6 298.6 0.0033486736 5 0.05787 

  
1100 °C 
8 hours 

  

LD 
water 

14.597 0.06861 5 167.5 0.0059708265 4 0.07727 

16.668 0.05999 5 124.5 0.0080350620 4 0.08964 

TD 
water 

16.897 0.05918 5 116.7 0.0085707328 4 0.09258 

15.144 0.06603 5 119.6 0.0083587481 4 0.09143 

NL - average number of grains gripped to the line unit length, l - average length of linear sector, G1 - grain 
size number evaluated with intersectional method, G2 - grain size number evaluated with planimetric 
method, LD - longitudinal direction, TD - transversal direction 

 

 

 

 

 

 

 

 

 

 

 Fig. 2 The result of numerical computation of grain size for heterogeneous weldment P92/S304H [6] 
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Following the real-life welding experiment the computed data of the grain size and the real-life established 

grain size in HAZ were compared, see Table 2. Namely they were places with the distance from the melting     

boundary (MB) of 0.5; 1.0; 1.5; 2.0; 2.5; 3.0 and 5.0 mm. 

Table 3 Comparison of the grain size results computed numerically and established experimentally 

Distance from the MB [mm] 0.5 1.0 1.5 2.0 2.5 3.0 5.0 

Midle grain size [mm] 0.0547 0.0528 0.0471 0.0462 0.0438 0.0356 0.0076 

Number of grains in 1 mm2 334 359 451 469 521 789 17313 

Grain size number G G5 G5 G6 G6 G6 G7 G11 

Midle grain size - computation [mm] 0.1051 0.0997 0.0943 0.0727 0.0417 0.0291 0.0077 

Number of grains in 1 mm2 - comp. 91 101 112 189 575 1181 16866 

Grain size number G - computation G3-4 G3-4 G4 G4-5 G6 G7 G11 

6. COCLUSION 

Material properties depend on the grain size and that is why nowadays there is a higher demand for the 

grain size prediction by help of numerical simulations. The Computational program unit for the grain size 

determination in the Sysweld program was developed as a marginal unit, mainly intended for general 

purposes. That is why one of the aims of TA02010992 project is the validation and, if necessary, modification 

of this program unit. When comparing the simulation computation results and the grain size values 

established experimentally it was found that the simulation results did not fully correspond to the reality. 

From Table 3 it is evident that the grain size predicted by the Sysweld program reflects the reality only in the 

distance of approx. 2.5 mm from the melting boundary, i.e. outside of the heat affected zone. The 

discrepancy between reality and the computation is likely to have been caused by more factors which need 

to be further analyzed and which call for an adjustment of the computational program unit. The methodology 

of the grain size determination (different size of grains in HAZ) could also be one of the possible causes. 

Although the surface for the determination of the middle grain size is very small, the resulting accuracy can 

be affected by it.  

Within the experimental tests data about the grain size of selected steel types for energetic industry were 

obtained. These data could be useful for calibration of the computational program unit in the Sysweld 

simulation program. 
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Abstract 

Dissimilar welds are used extensively in the power generation industry in boiler tubing to accommodate 

changes in temperature, pressure and corrosion conditions between different locations. These joints are 

generally prone to failure in the HAZ on the side of a low alloy material. An important factor having a strong 

influence on the microstructural stability of heterogeneous welded joints is “up-hill” diffusion of interstitial 

elements driven by the activity gradients of these elements in welded materials. This phenomenon 

significantly affects development of microstructure and creep damage close to the fusion line between low 

alloy and high alloy steels. This paper is focused on microstructural evolution in two designs of 

heterogeneous P23/P91 welds during long-term creep exposure in the temperature range from 500 to 

600oC. Welds A and B were manufactured using E-CrMo91B and Thyssen Cr2WV filler materials, 

respectively. Microstructural investigations were compared with the results of thermodynamic and kinetic 

modelling, which was carried out using the ThermoCalc and DICTRA software packages.  

Keywords: creep, microstructural stability, up-hill diffusion, heterogeneous welds P23/P91 

1. INTRODUCTION 

Higher efficiencies of fossil fired power plants can only be met through a further increase of steam 

temperature and pressure. The economic pressure to provide energy at the lowest possible cost appears to 

be a big challenge to material technology and plant design. Material development has mainly been focussed 

on advanced heat resistant martensitic 9-12 % Cr steels. Functionality of welded components applied for 

power plant industry is strongly dependent on the microstructural development during the long-term 

exposure at high temperatures 1. A very important mechanism of microstructural degradation of dissimilar 

welds represents “up-hill” diffusion of interstitial elements from low alloy steel to high alloy steel. This 

redistribution of interstitial elements can cause a progressive weakening of low alloy steel close to the fusion 

boundary. Progress in thermodynamic and kinetic modelling makes it now possible to simulate 

microstructural evolution in heat resistant steels and their weld joints during long-term exposure. The 

reliability of modelling depends strongly on the quality of databases. That is why experimental investigations 

are required to verify results of microstructural modelling. This paper deals with creep behaviour of the 

P23/P91 heterogeneous welds at temperatures of 500, 550 a 600 °C and experimental verification of 

thermodynamic and kinetics simulations using ThermoCalc and DICTRA software. 

2. EXPERIMENTAL MATERIALS AND RESULTS 

Two dissimilar P23/P91 welds of Ø219x25mm pipes were fabricated in SES Tlmače, Slovakia as a part of 

the COST 522 project [2]. Welds were made using filler materials with chemical composition matching to the 

base metal P91: E-CrMo91B (Weld A) or P23 steel: Thyssen Cr2WV (Weld B). Both welds were prepared 

by combination of GTAW (the first weld bead in the root) and SMAW welding methods. Chemical 

mailto:lucie.strilkova@mmvyzkum.cz
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compositions of individual materials are shown in Table 1. Post-weld heat treatment (PWHT) of both welds 

was carried out at 750°C for 2hours. Cross-weld specimens for creep rupture tests comprised both base 

materials (BM), heat affected zones (HAZ) and the weld metal (WM). Long-term creep rupture tests with a 

constant tensile load were carried out in air at 500, 550 and 600 °C in the stress range 55 - 200MPa.  

Table 1 Chemical compositions of base materials and weld metals, wt. % 

Material C S Mn Si P Cu Ni Cr Mo V Ti Nb W N Al 

P23 0.08 0.006 0.55 0.27 0.009 0.04 0.08 2.11 0.07 0.23 0.06 0.01 1.70 0.013 0.012 

WM 23 0.07 0.008 0.44 0.20 - 0.04 0.17 2.47 0.06 0.25 0.01 0.02 1.62 0.018 - 

P91 0.11 0.004 0.51 0.38 0.015 0.17 0.42 8.67 1.00 0.23 0.01 0.07 0.01 0.048 0.012 

WM 91 0.11 0.008 0.66 0.21 0.009 0.04 0.82 9.50 1.02 0.22 0.01 0.04 0.06 0.028 - 

 Fig. 1 summarizes the results of creep tests of Welds A and B. The full curves in graphical dependence the 

stress - Larson-Miller parameter correspond to the standardized creep strength of low alloyed P23 steel. 

Dashed lines define the -20 % lower limit of the standard creep strength of P23 steel. As is evident from the 

results, creep rupture strengths of both welds lie close to the lower bound of ±20 % scatter band around the 

mean creep rupture strength curve of steel P23. Pronounced decline in creep strength of both welds was 

observed at testing temperature 600oC. As is evident from creep test results, Weld A (P91/WM 91/P23) 

slightly outperformed Weld B (P91/WM 23/P23), but the differences were small [2]. Micrographs in Figs. 1(a) 

- (f) show some examples of failure locations on the longitudinal sections through the ruptured specimens of 

Weld A and B. Preferential failure location of heterogeneous welds was usually partially decarburized area 

of the low alloy steel adjacent to the fusion line with the high alloy steel. 

 

 Fig. 1 Results of creep tests on Weld A (P91/WM 91/P23) and Weld B (P91/WM 23/P23), empty symbols - 

still ongoing creep tests 
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Fig. 2(a) shows the fracture line in the P23 base metal of Weld A after exposure 500oC/100MPa/77 038h. 

Fracture occurred mainly in the P23 base material and partly in intercritical area of HAZ of P23 BM. Along 

prior austenitic grain boundaries in P23 BM isolated cavities were observed (Fig. 2 (b)), which close to 

fracture line united in diminutive cracks. Appearance of cavities in larger distance from fracture was 

negligible. From the profile of HV0.02 (see Fig. 3) is apparent increase and decrease of microhardness on 

both sides of fusion line resulting from carbon redistribution. The lowest level of microhardness was 

measured adjacent to the fracture line. Scatter of microhardness could be caused by presence of cavities.  

 
Fig. 2 Weld A after exp. 500oC/100MPa/77 038h: (a) - part of the fracture line, (b) - cavities in the vicinity of 

fracture line (SEM), (c) - microhardess profile HV0.02 

 

 Fig. 3 Weld A after exp. 500oC/100MPa/77 038h: microhardess profile HV0.02 

Metallographic investigations revealed three locations prone to the development of creep damage of Welds 

A during creep exposure [3]: 

 intercritical area of HAZ (IC HAZ) in the P23 steel, Fig. 1(a),  

 fusion zone (FZ) on the side of the P23 steel, Fig. 1(b),  

 intercritical and/or fine grain (FG) regions of HAZ in the P91 steel, Fig. 1(c). 

Fig. 4(a) shows the fracture line in Weld B after exposure 600°C/75MPa/6 550h. The location of failure was 

partially carbon depleted zone of low alloy weld metal 23 adjacent to the fusion line with the high alloy P91 

base material. As can been seen from micrograph in Fig. 4(b) many cavities were observed in the 

intercritical HAZ of BM P91. The HV 0.02 profile (Fig. 5) shows a peak adjacent to the interface between 

P91/WM 23 (or WM 91/P23) as the consequence of the carbon enrichment of P91.  
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Fig. 4 Weld B after exposure 600°C/75MPa/6 550h: (a) fracture in WM 23, (b) cavitation damage in IC HAZ 

P91 
 

 
Fig. 5 Weld B after exposure 600°C/75MPa/6 550h: microhardness profile HV 0.02 

The decrease of microhardness HV0.02 on the opposite side of the fusion line is associated with partial 

decarburization of WM 23. This phenomenon known as the “up-hill diffusion” leads to strength degradation in 

the carbon depleted zone on the side of low alloy steel. It comes to this that creep damage could develop 

simultaneously in several parts of weldments, especially on the opposite side of weld metal to failure area, 

but the final fracture occurred in the “weakest” locality for the given testing parameters. In case of Weld B 

creep failure occurred in areas: 

 Temperature of 500°C: the critical locus was the IC HAZ P23, see Fig. 1(d).  

 Temperatures 550 and 600°C: the preferred failure location was the partly decarburized layer of the 

WM23 in the vicinity of the WM23/P91 fusion zone, Figs. 1(e), (f). 

Studies of minor phases using the carbon replicas were carried out in following regions of crept 

specimens:·P23 and P91 base materials, decarburized zone of the WM23 or P23 steel, carburized zone of 

the WM91 or P91 steel. An example of the results on Weld A after exposure 600°C/26 780h is summarized 

in Table 2. 

Table 2 Identification of minor phases in Weld A after exposure 600°C/26 780h 

Area Minor phases 

P23 M6X, M23C6,MX 

P23 decarb. zone MX,M6X 

WMP91 carb. zone NbX, M23C6 

WMP91 M23C6,NbX, sec. MX, Laves phase 

P91 M23C6,NbX, sec. MX, Laves phase 

    X = C, N 
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During quality heat treatment, precipitation of MX and M7C3 phases is accompanied by precipitation of the 

M23C6 phase which is regarded as a metastable phase in the P23 steel. M6X starts to form only during long-

term creep exposure. The kinetics of M6X precipitation depends on both temperature and time of exposure. 

After exposure 600 °C/26 780h many coarse M6X particles were present in the P23 base material. These 

particles were predominantly situated along grain boundaries. Even at a distance of several millimetres from 

the fusion boundary, no M7C3 particles were detected. However, many M23C6 particles were present in the 

bainitic ferrite. The chemical composition of the fine MX particles was very variable [2]. Coarser MX particles 

were rich in titanium whereas small MX particles were rich in vanadium. A significant amount of tungsten was 

dissolved in vanadium rich MX particles [2]. In the Weld A specimen after exposure 26 780 hours at 600°C, 

a mixture of small MX and coarser M6X particles was present in the decarburized area of HAZ. The fraction 

of M6X particles in this zone was much lower compared to that in the P23 steel unaffected by carbon 

redistribution [3]. M6X particles were present up to the P23/WM91 interface. No Laves phase particles were 

found in the carburized zone of the WM91. Many small MX particles were preserved in the partly 

decarburized zone of the Weld A specimen after 26 386 hours at 550°C. These fine MX particles slowed 

down recovery and recrystallization processes in the bainitic matrix.  

Based on the results of the microstructural investigations the thermodynamic modelling using the 

ThermoCalc software for the P23 steel was revised taking into account the titanium content in the P23 steel, 

two MX phases (TiN and VC). Two databases (SSOL and Steel 16) were applied, Figs. 6(a),(b). The phase 

equilibrium diagram of P23 (see Fig. 6(a)) shows that M23C6 stability is extended up to about 600°C. The 

calculations with database STEEL 16 did not expect presence of carbide M23C6 as stable phase in 

investigated region of phase equilibrium diagram of P23. Calculations of phase equilibrium in P91 (WM 91) 

using database STEEL 16 were in accordance with the experimental findings [4]. 

 

                    (a)                                         (b) 

Fig. 6 Phase equilibrium diagram including TiN and VC in P23, database (a) SSOL and (b) STEEL 16 

Phase profiles across the "sharp" interface between P23 and P91 steels were simulated using software 

DICTRA, Fig. 7(a), [4]. Kinetic modelling was also carried out with consideration of fusion zone between P23 

and P91 materials with a thickness of 100μm, based on WDX microanalysis results, Fig. 7(b). A significant 

reduction of molar fraction of M23C6 was predicted in the carburized area of P91 steel after exposure 

600oC/30 000h. This is related to the lower carbon activity gradient across fusion zone between P23/P91. 

Thanks to lower carbon redistribution the appearance of M7C3 particles in partial decarburized area of P23 

close to the fusion line was predicted. Likewise, the presence of Laves phase in the carbon enriched zone on 

the side of P91 was expected. Kinetics calculations with database STEEL 16 including fusion zone show 

poorer agreement with experimental results than calculations for the "sharp" interface.  
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                             (a)                               (b) 

 Fig. 7 (a) Minor phase profile across “sharp” interface P23/P91 and (b) minor phase profile taking into 

account fusion line between P23/P91, (600°C/30 000h, STEEL 16) 

3. CONCLUSION 

Results of creep rupture tests on both welds are close to or slightly below the -20 % standardized creep 

rupture strength curve for the P23 grade. Weld A (P23/WM 91/P91) slightly outperformed Weld B (P23/WM 

23/P91). The preferred failure locality during testing at 550 and 600 °C was the partly decarburized zone of 

the low alloy P23 steel (or WM23). MX particles were partly preserved in the decarburized part of the  

P23 HAZ. The microstructure of the partly decarburized zone remained bainitic in all ruptured specimens. 

Results of microstructural investigations indicate that in the case of the P23 steel the SSOL database is 

more appropriate for microstructural modelling than the STEEL16 database. 
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Abstract  

The paper deals with results of studies on the minor phase evolution in wrought niobium-bearing AISI 316LN 

steels during creep exposure at 600 °C. Casts B and C contained 0.1 and 0.3 wt.%Nb, respectively. Creep 

rupture tests with a constant tensile load were carried out in air with time to rupture up to ca 220,000 hours. 

The growing niobium content reduced the minimum creep rate and prolonged the time to the onset of the 

tertiary stage of creep. Detailed microstructural studies were conducted in order to understand the factors 

and processes responsible for the observed differences in creep behaviour. Investigations were carried out 

by means of optical metallography, transmission and scanning electron microscopy. After long-term creep 

exposure the following minor phases were identified in the casts investigated: primary Z-phase (particles not 

dissolved during solution annealing), secondary Z-phase, Laves phase, M6X and -phase. The attention has 

been paid to evaluation of thermodynamic and kinetic stability of minor phases during long-term creep 

exposure. 

Keywords: AISI 316LN + Nb steels, creep behaviour, precipitation processes, Z-phase  

1. INTRODUCTION  

Promoting of steam parameters in fossil fuel fired power plants to ultra-super-critical parameters (USC), 

because of the desired higher thermal efficiency of power plants, presents a challenge for research and 

development of advanced materials. The basic quality requirements are improved creep strength and steam 

oxidation resistance over 600 °C [1]. Among such materials belong newly developed ferritic heat resistant 

steels, Ni-base superalloys and advanced austenitic heat resistant steels [1].  

The creep resistance of CrNi(Mo) austenitic steels is strongly dependent on the stability of the 

microstructure, particularly the formation, dissolution and coarsening of precipitates 2. Among the most 

important factors which can influence the microstructure belong chemical composition, thermo-mechanical 

pre-treatments, temperature, stress and environment of creep tests [3]. Increasing the contribution of 

precipitation strengthening during creep exposure belongs to the most successful methods of improving 

long-term creep resistance. The precipitation strengthening can be achieved by modifying of chemical 

composition, particularly by alloying of the austenitic steels by small amounts of strongly carbide and nitride 

forming elements such as niobium, titanium and vanadium [1,3]. Intentional additions of such elements to 

austenitic steels have to be followed by detailed investigations on microstructural evolution and surveys of 

failure mechanisms of creep test-pieces [4].  

Nowadays, many minor phases are well documented in both ferritic and austenitic heat resistant steels. 

However, it is not true in the case of new generations of nitrogen-bearing stabilized austenitic steels. A small 

amount of information is available about nitrogen rich phases such as M6X or Z-phase, which is a complex 

NbCrN nitride, firstly identified in austenitic steels in 1950’s [2]. Conditions of Z-phase formation are not very 

clear even less clear is its relative stability in comparison with other documented carbonitrides such as NbX 

or M6X, where X is nitrogen or carbon [5, 6]. 
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2. EXPERIMENTAL PROCEDURES 

The creep properties of the wrought AISI 316LN steel with intentional additions of Nb were studied. Casts B 

and C contained 0.1 and 0.3 wt.% Nb, respectively. Chemical composition of both casts is given in Table 1. 

Solution annealing of the Casts B and C was carried out at 1050 and 1120 °C, respectively.  

Table 1 Chemical composition of the casts investigated, wt.%. 

Cast C N Mn Si P S Cr Ni Mo B Nb 

B 0.023 0.161 1.34 0.48 0.014 0.013 18.1 12.5 2.82 0.0012 0.106 

C 0.021 0.158 1.11 0.42 0.025 0.009 17.8 12.6 2.64 0.0020 0.300 

Creep-rupture tests with a constant tensile load were carried out in air at temperature of 600 °C with time to 

rupture up to ca 220,000 hours. Microstructural investigations were carried out in order to understand the 

factors and processes responsible for the observed differences in creep behaviour by means of optical 

microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Extraction 

replicas and thin foils were prepared from both gauge lengths and heads of creep ruptured test-pieces. 

Energy dispersive X-ray (EDX) microanalysis and selected area electron diffraction were used for 

identification of minor phases.  

3.  RESULTS 

3.1  Creep rupture behaviour 

The results of long-term creep rupture tests on the Casts B and C are shown in Fig. 1. As can be seen 

stress-temperature dependences for both casts investigated show a very similar trend. Creep ductility (R.A.) 

at times to rupture shorter than 104 hours is significantly higher for the Cast B, for long times to rupture is 

creep ductility of both casts low. The observed differences in creep ductility are decisively affected by failure 

mechanisms which depend on the temperature, applied stress and microstructural evolution during creep 

exposure [3]. 

 
a) 

 

 
b)

 Fig. 1 (a) Stress and (b) creep rupture ductility versus time to rupture dependences for Casts B and C. 

3.2  Microstructural investigations 

Additions of niobium to AISI 316LN steels resulted in a very fine austenite grain size after solution annealing. 

It was demonstrated that annealing of the Casts B and C at 1050 °C and 1120 °C, respectively, was 

accompanied by precipitation of primary Z-phase particles, which inhibited the grain growth [6]. The average 

grain size of the Casts B and C in the as-received state was about 20 µm and 29 µm, respectively. 
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Results of studies on the minor phase evolution in the Cast B during long-term creep exposure at 600 °C are 

summarised in Table 2. The following precipitation sequence was determined: fine secondary Z-phase 

particles, chromium rich M23C6 particles which were gradually replaced by M6X, -Laves and -phase. 

Secondary Z-phase particles nucleated at grain boundaries and especially on dislocations within austenitic 

grains. Fig. 2 shows fine secondary Z-phase particles on dislocations and a needle-like intragranular particle 

of -Laves phase in the specimen B1.  

Table 2 Summary of minor phase evolution at 600 °C, Cast B. 

Specimen Time to Rupture 

(h) 
Minor Phases 

B1 19.508 prim. Z-phase, -phase, sec. Z-phase, -Laves, M23C6, M6X, 

B2 55.320 -phase(), M6X (), -Laves(), prim. Z-phase, M23C6(), sec. Z-phase 

B3 223.603 - phase(),M6X(), -Laves(), prim. Z-phase, sec. Z-phase 

Note: () indicates a phase forming during the creep exposure and () a phase dissolving.

 

 Fig. 2 -Laves, prim. Z-phase particles and fine sec. Z-phase particles on dislocations, Cast B, 

600 °C/19,508 h 

 

Fig. 3 Coarse particles of σ-phase and M6X 

particles, Cast B, 600 °C/223,603 h 

 

Fig. 4 -Laves, prim. Z-phase particles and fine sec. 

Z-phase particles on dislocations, Cast B, 

600°C/223,603 h 
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Fig. 3 shows coarse particles of σ-phase and M6X phase (Cr3Ni2SiX type) in the specimen B3. These 

particles were preferentially located at grain boundaries. Fig. 4 illustrates intragranular structure of the 

specimen B3. Secondary Z-phase particles can be seen on dislocations. The size of these particles reached 

only several nanometres even after long-term exposure at 600 °C. It proves that dimensional stability of    Z-

phase particles in the Cast B is very good. Furthermore, -Laves particles in the form of rods are present in 

austenitic grains. Chemical composition of precipitates in the specimen B3, as determined by EDX, is shown 

in Table 3.  

Table 3 Chemical composition of minor phases in Cast B after exposure 600 °C/223,603 h, wt.%. 

Minor Phase Si Cr Mn Fe Ni Nb Mo 

-phase 1 35 1 51 3 1 8 

M6X 4 40 1 4 27 2 22 

-Laves 3 15 1 38 4 1 32 

Z-phase - 28 - 8 1 54 9 

The precipitation reactions in the Cast C are summarised in Table 4. After long-term creep exposure at 

600 °C the same minor phases were identified as in the Cast B. A high number of η-Laves phase needles 

and of Z-phase particles were observed in austenitic grains. The dimensional stability of Z-phase particles 

was high. Particles of M6X, which gradually replaced dissolving M23C6 carbides, and coarse -phase 

particles decorated grain boundaries. Only a small fraction of -phase particles formed in austenitic grains. 

The coarsening rate of -phase particles was very high. This phase facilitated the formation of creep cavities.  

Table 4 Summary of minor phase evolution at 600 °C, Cast C. 

Specimen Time to Rupture (h) Minor Phases 

C1 51.800 -phase, M6X, -Laves, prim. Z-phase, sec. Z-phase 

C2 110.000 -phase(),M6X(),-Laves(), prim. Z-phase, sec. Z-phase() 

Note: () indicates a phase forming during the creep exposure. 

Fig. 5 shows intragranular needle-like particles of -Laves and pinning of dislocations by fine secondary Z-

phase particles in the specimen C2. Intergranular precipitation of M6X particles and intragranular needles of 

-Laves are documented in Fig. 6. 

 

Fig. 5 Intragranular -Laves, fine sec. Z-phase 

particles on dislocations, Cast C, 600 °C/110,000 h 

 

Fig. 6 M6X particles on grain boundaries, -Laves 

and fine sec. Z-phase, Cast C, 600 °C/110,000 h
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4.  DISCUSSION 

It was proved by microstructural investigations that the precipitation sequence in the Casts B and C during 

creep exposure at 600 °C was identical: fine secondary Z-phase particles, chromium rich M23C6 particles 

which were gradually replaced by M6X, -Laves and -phase. 

The Nb/(C+6/7N) ratio is for both casts investigated low and therefore the competition for niobium between 

NbX and Z-phase (NbCrN) can be expected. Microstructural investigations confirmed that Z-phase was fast 

enough to form first. There were no NbX particles found even after long-term creep exposure at 600 °C. This 

proves that in steels investigated Z-phase is more stable than NbX. The dimensional stability of Z-phase was 

found to be excellent. Precipitation of Z-phase was more intensive in the Cast C containing 0.3 wt.%Nb. 

In both casts a number density of M23C6 particles decreased with increasing time of creep exposure. 

Particles of this phase were gradually replaced by M6X (Cr3Ni2SiX) at longer exposures. This is in agreement 

with results of studies on N-bearing austenitic CrNi steels [2].  

Formation of -phase particles is promoted by elements like chromium, niobium, titanium and molybdenum 

[7]. Silicon also promotes and accelerates its formation [2, 3]. Coarsening of -phase particles was more 

pronounced in the Cast C with 0.3wt. %Nb. Coarse particles of this phase facilitated the formation and 

interlinking of creep cavities. Coarse -phase particles contributed significantly to relatively poor creep 

ductility of both casts investigated.  

Niobium additions in the Casts B and C accelerated the formation of -Laves. Needles of this phase started 

to precipitate at grain boundaries and at longer times of exposure were intensively formed in austenite 

grains. In the casts investigated this phase was identified as Fe2Mo, see Table 3. -Laves and -phase 

particles contained only low amounts of niobium. 

Based on the typical size, precipitates observed in the Casts B and C after long-term creep exposure at 

600 °C can be classified as follows: coarse -phase particles reached size from 1 to 10 μm, -Laves, M6X 

and primary Z-phase particles were usually in the range from 0.1 to 1 μm and the secondary Z-phase 

particles did not exceed the size of 20 nm. 

5.  CONCLUSIONS 

Small additions of Nb to the AISI 316LN steel resulted in a reduction of the minimum creep rate and 

prolonging of the time to the onset of the tertiary stage of creep. The positive effect of Nb on the creep 

resistance was gradually surpassed by its effect on acceleration of the -phase and -Laves formation. 

Coarse particles of -phase facilitated the formation of creep damage and contributed to a reduction of creep 

ductility.  

The following minor phases were identified in the Casts B and C after long-term creep exposure at 600 °C: 

primary and secondary Z-phase, M6X, -phase and -Laves. In both casts only two nitrogen rich minor 

phases were identified: M6X and Z-phase. Kinetics of the M6X formation was slower than that of Z-phase. 

Precipitation of Z-phase was more pronounced in the Cast C containing 0.3 wt. %Nb. Dimensional stability of 

Z-phase particles was excellent. Precipitation of Z-phase on dislocations was responsible for a reduction of 

the minimum creep rate in the casts investigated. 
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Abstract 

Creep strength enhanced ferritic steels such as Grade 91 are the preferred material for much of the high 

temperature boiler tubing and piping components used in modern power generating plants. Validation of 

temperbead welding techniques is particularly important for Grade 91 steel as accurate post weld heat 

treatment (PWHT) has proven to be difficult in field applications. Even a well controlled PWHT can degrade 

the base material strength and poorly performed heat treatment can lead to subsequent creep properties 

being below the minimum expected by codes. Successful demonstration of temperbead techniques for 

Grade 91 steel would alleviate these concerns and create options for a ‘well-engineered’ repair. The present 

paper outlines a major project which will establish information critical to repair of Grade 91 components, and 

describes details of metallographic characterization of the welds produced. 

Keywords: Grade 91, CSEF, creep, weld, repair 

1. INTRODUCTION 

Although Grade 91 type steels are used globally, it is noteworthy that different regions will adopt codes and 

practices which vary in detail. Thus, for example,for a number of reasons there can be differences between 

the European and United States‘ philosophy on repair. Fossil fired units in the US built to applicable ASME 

standards are expected to last for many decades; components are typically not constructed with a defined 

design life. Historically then, this design philosophy has often results in fabrication of many local repairs and 

there have been many applications of temperbead welding techniques in boiler components made from 

Grades 11, 12, and 22. The European philosophy is different in that components are constructed to a 

specific deisgn life. At key stages during operation, the component condition must be formally re-evaluated. 

Appropriate redmedial action may involved local repair or component replacement. In more metallurgical 

complex steels such as Grade 91 decisions regarding optimal remediation should consider local effects and 

the condition of the ‚system‘. Components made from these materials will benefit from an increased range of 

repair options and this, in part, drives the need for novel repair techniques.  

Regardless of the specific reasons for making the repair, there is a worldwide need for novel repair 

techniques for the new class of creep strength enhanced ferritic (CSEF) steels. Indeed, Grade 91 has been 

used in high energy applications for more than two decades and there is an increasing need for repair or 

replacement [1]. To optimize the processes associated with remediation, it is critical to establish key 

information on removal of damage and on approaches for repair welding. Selected variables and weld 

processes are under investigation in a current EPRI project. This work will include weldment testing linking 

performance to details of how the repair was carried out. This aspect is considered important since in 

contrast to traditional low alloy steels, which are relatively ‘user friendly’ as far as repairs are concerned; 

Grade 91 steels introduce additional complications. Because the properties and performance of the base 

metal will be critically dependent on the original composition and the full heat treatment history, there have 

been concerns expressed that the reparability of Grade 91 steel will be limited by the condition of the base 

metal. It is further recognized that in the majority of instances, defects in Grade 91 components will need to 

be repaired using fusion welding techniques. Because there are a very large number of variables to be 
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evaluated the project will be performed in two phases. Phase 1 provides a Ranking of Repair performance, 

the following are the primary factors consided: 

 Weld procedure considerations (including consumabls) and heat treatment; 

 Post repair evaluation of microstructure and damage; 

 Specimen geometry and testing conditions including development of test matrix; 

 Analysis to identify best option repairs - ‘best option’ to be based on factors such as speed of welding, 

initial quality, creep life, etc.  

The Phase 2 part of the project, which is not the subject of this paper, is focused on the application of 

several promising weld procedures (as identified in Phase 1) on the repair of Grade 91 components using 

several methods and extents of excavation to a variety of base material conditions.  

2. EXPERIMENTAL PROCEDURE 

It is apparent that welding needs to be carried out carefully using qualified staff and appropriate procedures, 

further background is provided in reference [2]. The following section provides information and guidelines 

regarding these issues and the prescribed procedures utilized during the fabrication of 20 unique weldments. 

2.1 Base Material 

In order to evaluation the effect of filler metal strength on the weldment performance, two conditions of base 

material were also selected. A heat of Grade 91 material, removed from service and with varying material 

hardness, is classified as “A” material. The same heat of Grade 91 material, having been renormalized and 

tempered to the specifications outlined in [2] is classified as “B” material. It is presumed that the “A” material 

will have lower strength and be representative of ex-service material and that the “B” material represents 

ideally controlled Grade 91 material with optimum strength and elevated temperature behavior - see  

Table 1.  

Table 5 Chemical Composition of Grade 91 Base Material for “A” and “B” Conditions 

C Si Mn P S Cr Mo Ni V 

0.11 0.31 0.45 0.011 0.009 8.22 0.94 0.19 0.21 

Al Cu N Nb Sn As Sb Ni+Mn N/Al Ratio 

0.006 0.16 0.039 0.070 0.010 0.005 0.001 0.64 6.5 

2.2 Welding Process and Post Weld Heat Treatment  

The selection of preheat temperature should be linked to the selected weld process. In addition, and 

because temperbead welding procedures were being explored, the control of preheat and interpass is 

particularly important to ensure near 100 % transformation to martensite during welding. This is critical 

because if the deposited weld metal and/or heat affect zone in the parent material is to be tempered, it must 

fully transformation to martensite first. In addition, and because the shielded metal arc welding (SMAW) 

process was implemented, the use of a depressed preheat and interpass must be accompanied by strict 

control of welding consumables to avoid hydrogen induced cracking. In these studies, each welding 

procedure required a minimum preheat of 150 °C (300 °F), a maximum interpass of 343 °C (600 °F) and 

careful control of the welding electrodes to meet these requirements. No issues involving hydrogen induced 

cracking were reported or documented for the 20 weldments.  

A total of five unique welding procedures were utilized. Following the completion of welding, two post weld 

heat treatment scenarios were utilized for specific procedures. The first specified a traditional PWHT 

temperature in the allowable range for Grade 91 of 746°C (1375 °F) for 2 hours. The second scenario 
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simulated a “low PWHT” where the PWHT temperature was reduced to 675°C (1250 °F) for 2 hours. No 

additional limits on the rate of heat-up or cool-down were specified for PWHT; no issues were reported with 

distortion caused by residual stresses relaxation.  

Table 6 Summary of Key Aspects of the Variables Considered in the Phase 1 Evaluation 

Weld Base Metal 
Weld Metal,  

AWS Design. 
Trade Name1,2 Weld Procedure3 PWHT 

1A 
Service-Exposed  
Grade 91 (“A”) 

E9015-B91 
Thermanit 

Chromo 9V Mod. 

[A] + Typ. PWHT 746°C/2h 

2A, 2B 

Service-Exposed  
Grade 91 (“A”) 

 
Renormalized 
and Tempered  
Grade 91 (“B”) 

[A] + Low PWHT 676°C/2h 

3A, 3B [B] None 

4A, 4B [E] None 

5A, 5B E8015-B8 9Cr-1Mo [C] None 

6A, 6B E9015-G (-B23) Thermanit P23 [B] None 

7A, 7B E9015-G (-B23) Thermanit P23 [A] + Typ. PWHT 746°C/2h 

8A, 8B E9018-B3 2.25Cr-1Mo [B] None 

9A, 9B 
EPRI P87  

(ASME 2733/27344) 
EPRI P87 [D] None 

10A, 10B ENiCrFe-2 INCO-WELD A [B] None 

1Thermanit is a registered trademark of Bohler Thyssen Schweisstechnik Deutschland 
2INCO-WELD is a registered trademark of the Special Metals Corporation family of companies. 
3The bracketed letter for each welding procedure was detailed above in section 2.2 

 Normal Procedure [A] - welding procedure performed with no specific guidance. Welders utilized proper sized electrode 

for given layer (3.2 mm, 1/8 inch in root and 4.0 mm, 5/32 inch for remaining fill). 

 Temperbead [B] - three layer technique, where the electrode size was increased in between temperbead layers: 2.5mm 

(3/32 inch) - 3.2mm (1/8 inch) - 4.0mm (5/32 inch) and the fill was performed using 4.0mm (5/32”) electrode.  

 Temperbead [C] - two layer technique, where the electrode size was increased in between temperbead layers: 2.5mm 

(3/32 inch) - 4.0mm (5/32”) and the fill was performed using 1/8” (3.2mm) electrode or 4.0mm (5/32”) electrode.  

 Temperbead [D] - two layer technique, where the electrode size was increased in between temperbead layers: 2.5mm 

(3/32 inch) - 3.2mm (1/8 inch) - and the fill was performed using 3.2mm (1/8 inch) electrode or 4.0mm (5/32”) electrode.  

 Temperbead [E] - three layer technique, where the electrode size was increased in between temperbead layers: 2.5mm 

(3/32 inch) - 3.2mm (1/8 inch) - 4.0mm (5/32”) and the fill was performed using 4.0mm (5/32”) electrode. This procedure 

was unique in that it was purposely performed to be a “poor practice technique” where the welders were specified to not 

use a proper overlap, not use proper spacing and not use proper sequencing within a layer (i.e. between adjacent weld 

beads) and between each temperbead layer (i.e. between 2.5mm and 3.2mm or 3.2mm and 4.0mm layers).  

4ASME Introduced Code Cases 2733 and 2734 to cover the use of EPRI P87 as an F43 filler material in welding performance 
qualifications for both the GTAW and SMAW processes [3, 4] 

3. EVALUATION OF REPAIR PROCEDURES 

The evaluation of the weldments detailed in Table 2 included non-destructive testing of completed 

weldments using radiography, extensive metallographic analysis (for procedures specifying PWHT, both as-

welded and PWHT conditions were evaluated), large specimen creep and post-test examination of failed 

samples for failure location and damage assessment.  

Following the completion of welding, full section transverse cross-sections were taken for analysis using light 

microscopy and hardness mapping. An example of a completed weldment and associated hardness map is 

given in Fig. 1. Note that the hardness map in Fig. 1 is on the left side of the weld, originating in the base 

metal and continuing through the HAZ, temperbead layers and into the deposited weld metal. Each 

weldment was examined for cracking, slag inclusions, lack of fusion, and other atypical features. In addition, 
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hardness mapping was conducted using a 200g or 500g load, a spatial distance of 0.20 mm (for 200g load) 

or 0.25 mm (for 500g load) and a Vickers indenter. The parameters for hardness mapping were developed 

specifically for Grade 91 and are detailed in [5,6]. The results for hardness mapping were further examined 

by plotting the data as a color hardness map (Fig. 1) and through examination of the overall hardness 

distribution (Fig. 2). Note that the hardness map shown in Fig. 1 consists of 10,000 indents taken using a 

Vickers indenter, 500g load and 0.25mm spacing. The hardness map is 25 mm (1.0 inch) X 25 mm (1.0 

inch).  

 
Fig. 4 Cross-section Macro Image of Representative Weldment  

Note: Hardness map is visible on the left side of weldment and highlighted in yellow 

 

Fig. 5 Hardness Distribution for the Hardness Map Detailed in Fig. 1 

The evaluation of the welding procedures listed in Table 2 included creep testing of all weldments under a 

similar condition of 625 °C (1157 °F) and 80 MPa (11.6 ksi) using a large specimen with a cross section of 

25.4 mm (1.0 inch) in the through-weld thickness and 20.3 mm (0.80 inch) in the longitudinal-weld orientation 

(i.e. direction of welding). For weldments 5A/B, 6A/B, 7A/B and 8A/B, additional tests were performed at  

600 °C (1112 °F) and 80 MPa (11.6 ksi) as the filler materials specified for these conditions were under-

matching. The gauge length of the creep specimens was generally 115 mm (4.5 inches). To date, >80,000 

hours of creep testing has been conducted with the longest test exceeding 6,000 hours. A failed specimen is 

given in Fig. 3.  
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Fig. 6 Failed Creep Specimen for Representative Weldment from Phase 1 Testing 

The testing of large diameter specimens is particularly important in the evaluation of cross-weld behavior as 

it allows for detailed assessment of the unfailed interface/HAZ. Such assessment may include observations 

on damage concentration and creep void counting. Specific results are not detailed in this paper, but detailed 

post test examination has been performed to determine the location of maximum damage and these results 

will be documented in a future publication.  

A comprehensive assessment of repair procedures in Grade 91 steel must establish the creep behavior of 

the repair. Thus, elevated temperature testing using service representative test conditions, i.e. those which 

result in Type IV failure and specimen geometries that produce failures where the damage mechanisms are 

relevant to long term service. In general, cross-weld data obtained on Grade 91 steel using relatively high 

stress (>100MPa, 14.5ksi) and/or temperature (>625°C, 1157°F) conditions does not necessarily result in 

representative damage comparable to observations in service-removed weldments. Thus, results from tests 

under these conditions should not be used as a guide to in-service behavior. 

4. DISCUSSION 

The overall performance of a weld repair in Grade 91 is ultimately dependent on a number of factors 

including the strength of the filler material, condition of parent material, inspectability of proposed filler 

metals, residual stress state of the repair weld, welding procedure (temperbead versus PWHT), excavation 

method of damage and others. Although once thought absurd, the application of a temperbead procedure in 

Grade 91 has been demonstrated for 14 unique weldments. In addition, the use of a temperbead welding 

procedure may be more applicable to martensitic steels than for their bainitic cousins; note that temperbead 

welding procedures were originally applied to notoriously difficult to repair CrMoV alloys and to Grades 11, 

12, and 22 [7-8]. The successful application of temperbead welding to a given ferritic material may be most 

dependent on the accumulation of residual stresses. An illustration of how phase transformations can 

influence the buildup of residual stress is presented in Fig. 4 [9-12].  

Using bainitic, martensitic, and stable austenitic steels, it has been demonstrated that transformation 

plasticity during the cooling of a uniaxially constrained sample from the austenite phase field acts to relieve 

the buildup of thermal stress as the sample cools [9]. By contrast, the non transforming austenitic steel 

exhibited a continuous increase in residual stress with decreasing temperature, as might be expected from 

the thermal contraction of a constrained sample. When the steels were transformed to bainite (2.25Cr-1Mo) 

or martensite (9Cr-1Mo and Grade 91 HAZ), the transformation strain compensated for any thermal 

contraction strains that arose during cooling. Significant residual stresses were therefore found to build up 

only after the bainitic or martensitic transformation was completed and the specimens approached ambient 

temperature [9-12]. In the case of the Grade 91 HAZ microstructure, the peak temperature simulating the 

FGHAZ (peak temp. of 950 °C) results in lower residual stress than either the subcritical Grade 91 HAZ 
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(peak temp. of 780 °C) or the low alloy steel [12]. This observation is profound in that, it may be entirely 

possible to utilize a temperbead procedure for Grade 91.  

 

Fig. 7 Interpretation of experimental data showing how residual stresses develop on cooling for an austenitic 

steel (no transformation), a bainitic low alloy steel (relatively high temperature of transformation) and a 

martensitic steel (relatively low temperature of transformation) [9-12] 

5. CONCLUSIONS 

Repair welding procedures encompassing both traditional welding techniques (including PWHT) and temper 

bead welding procedures were demonstrated for both service-exposed and renormalized and tempered 

Grade 91 material. The application of welding techniques to these materials has demonstrated that there are 

numerous options regarding the repair of Grade 91 material; a fact that was not previously demonstrated 

across such a large number of filler materials, PWHT procedures and base material conditions.  
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Abstract 

This article presents new results of the measurement of mechanical properties. It is focused on the 

evaluation of mechanical properties of P92 welded joints, welded by manual metal arc welding (MMAW). The 

aim of the research is influence of Post Weld Heat Treatment (PWHT) on values of hardness, tensile 

strength and impact energy of weld metal and heat affected zone (HAZ). 

The development of modern thermal power plants is done by increasing their efficiency, which can be 

achieved by increasing the pressure and temperature of superheated steam to the supercritical parameters 

(600 °C/30 MPa). For this reason, it is necessary to develop new heat-resistant high-alloy steels. Modified 

9 % Cr creep resistant steel P92 has been developed for operating temperatures above 600 °C. The issue of 

welded joints of steel P92 is still the subject of current research. 

Keywords: Steel P92, Post Weld Heat Treatment, Mechanical Properties, Welded Joints, Manual Metal Arc 

Welding, Heat Affected Zone, Supercritical Parameters 

INTRODUCTION 

Increasing the efficiency of power plants and improving the environment has always been the innovative 

driving force in the development of power plants. Economic requirements for the beneficial use of fossil fuels 

and the pressure on environmental protection have led to both reduction of carbon dioxide emissions and 

continuous improvement of the thermal efficiency of power plants. The current aim of the coal power plant is 

to increase the thermal efficiency from 42 % to 45 %, this can be achieved by increasing the steam 

temperature to 600 °C and a pressure to 30 MPa. [1]. Therefore, it is necessary to develop new ferritic high-

alloy chromium steels with improved creep resistant properties and improved oxidation resistant properties in 

steam at temperatures exceeding 600 °C. [2]. New 9 % chromium martensitic steel marked P92 was 

developed for these operating parameters. This steel has very high creep resistance, but as it turns out, 

does not have sufficient oxidation resistance at supercritical conditions of steam. Currently, the development 

is focused on steels that reach the desired level of creep resistance and also shows increased oxidation 

resistance at supercritical steam conditions [1]. 

1. EXPERIMENTAL RESULTS 

1.1. Welding parameters  

Tests were conducted at six test plates, with a thickness of 20 mm. Test joints were welded by combination 

of methods TIG (root layer) and manual metal arc welding with coated electrode.  

Filler material Thermanit MTS 616 (EN 12070 - WZ CrMoWVNb 9 0.5 1.5) was used for welding of test 

joints. Chemical composition is shown in Table 1 and the minimum mechanical properties in Table 2. 

Parameters of welding are listed in Table 3. 

mailto:p.mohyla@flashsteel.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

533 

Table 1 The chemical composition of the coated electrodes, wt. % [3] 

C Si Mn Cr Mo Ni W V Nb N 

0,11 0,2 0,6 8,8 0,5 0,7 1,6 0,2 0,05 0,05 

Table 2 Mechanical properties of coated electrodes at normal temperature after heat treatment of 760 °C/2 h 

[3] 

Re [MPa] Rm [MPa] As [%] KV [J] 

560 720 15 41 

Table 3 Parameters of welding 

Type of welded joint 

 

Welding method 111 + 141 (root) 

Welding position PA 

Shielding gas ARCAL TIG / MIG (EG - č. 231 - 147 - 0) 

Consumables 
111 - Böhler Thermanit MTS 616 (EN 1599 : EZ CrMoWVNb 9 0,5 2 B 4 2H5) ϕ 2,5 ϕ 3,2 

141 - Böhler Thermanit MTS 616 (EN 12070 - WZ CrMoWVNb 9 0,5 1,5) ϕ 2,4 

Current 
111: 80 - 105 A 

141: 110 - 180 A 

Voltage 
111: 18 - 24 V 

141: 11 - 15 V 

Speed of welding 
111: 2,00 - 5,50 mm.s-1 

141: 0,70 - 2,80 mm.s-1 

Heat input 
111: 0,30 - 0,60 kJ.mm-1 

141: 0,40 - 1,80 kJ.mm-1 

Preheating 200 °C 

Interpass max. 300 °C 

Postheating 250 °C / 2 h 

1.2. Destructive tests of welded joints 

1.2.1. Tensile test 

Transverse tensile test of welds were carried out according to EN 4136 [4], at temperature of 20° C. The 

minimum required value of tensile strength, according to standard EN 10216, is from 620 to 850 MPa. [5]. 

We assume that values of tensile strength of welded joints usually continuously decrease with increasing of 

dwell on annealing temperature. Our measured results show different trend, see Fig. 1. 
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 Fig. 1 Comparison of average values of the tensile strength of welded joints 

The obtained results suggest an unusual trend of tensile strength values with increasing annealing 

endurance. The heat treatment of 760 °C/1h reached maximum yield strength of 644.5 MPa and then it is 

increased to 658 MPa yield strength after 2 hours. After 3hours of annealing, the yield strength increased to 

the maximum (695 MPa), and then decreases.  

1.2.2. Impact test 

All specimens have modified dimensions 5.0 x 10.0 mm with a V notch. Specimens notches were situated in 

two zones of weld joints, VWT 0/2 (W-notch in the weld metal, in the axis of the weld, 2 mm below the 

surface) and the VHT 2/2, (H - notch in HAZ, 2 mm from the fusion line, 2 mm below the surface). All tests 

were performed according to standard EN 9016. [6] at + 20 °C.  

According to standard EN 10216-2 [5] there is required impact energy in the transverse direction min. 27 J. 

This requirement is defined for standard size test specimens, (10x10 mm). Subject to testing in this case, 

there were test specimens 5x10mm. Conversion to Tab. B 3-1 in the standard EN 13480-2 [7] "Metallic 

industrial piping - Part 2" there is desired impact strength for specimens of size 5x10 mm 14J. The required 

criterion met all test specimens except specimen of weld metal without PWHT, see Fig. 2. 

The results are shown in Figs. 2 and 3. Fig. 2 shows a comparison of the average values of impact energy 

in the weld metal. Fig. 3 shows a comparison of achieved values of impact energy in the heat affected zone. 

These images show reduction of impact energy with dwell on the annealing temperature till 3 hours, for both 

weld metal and heat affected zone. 

 

 Fig. 2 Comparison of average values of impact energy in the weld metal VWT 0/2 
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 Fig. 3 Comparison of average values of impact energy inheat affected zoneVWT 2/2 

This experiment confirmed that the dwell time of the annealing temperature has significant influence on the 

resulting impact energy. The impact energy decreases in the range of 1 to 3 hours, at 4 hours at annealing 

temperature impact energy reaches a local maximum and then decreases again. 

2. DISCUSSION 

Dependence of hardness and toughness of the weld metal related P91 steel are given in [8]. We have 

expected similar results in the case of welded joints of P92 steel, but they are different. Fig. 4 shows the 

effect of PWHT on the impact energy values in the P91 steel weld joint, namely in the weld metal of 

electrode Thermanit Chromo 9V. Toughness during tempering at 760 °C has increased regularly in the time 

interval from 2 to 8 hours [8]. In P92 steel weld metal (Thermanit MTS 616) the impact energy have achieved 

highest value at 760 °C/1 hour and then decreases with time of tempering till 3 hours (see Fig. 2). 

 

 Fig. 4 Influence of PWHT on impact energy of P91 weld metal 

3. CONCLUSION  

Modified chromium steels are used for building blocks of supercritical thermal power plants because of their 

excellent heat resistant properties. Degradation of the properties during long-term thermal exposure is 

associated with changes in the microstructure of the material. The main mechanisms of material degradation 

are creep and high-temperature corrosion. 
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Based on the results we can confirm that with increasing exposure time at the annealing temperature, the 

tensile strength of welded joints increases till 3 hours and then decreases, so the most suitable heat 

treatment after welding in terms of a high tensile strength of welded joints is 760 °C/3 hours. 

The dwell time of the annealing temperature has also significant influence on the resulting impact energy. 

The impact energy decreases in the range of 1 to 3 hours, at 4 hours at annealing temperature impact 

energy reaches a local maximum and then decreases again. The most suitable heat treatment after welding 

in terms of a high toughness of welded joints is 760 °C/1 hour. 

P92 steel is weldable provided observance of the preheating temperature, interpass temperature throughout 

the course of welding, while complying with proper postheating and post weld heat treatment. Despite its 

good creep, mechanical and technological properties steel P92 has poor oxidation resistance at supercritical 

conditions of steam. High mass increase of corrosion products leads to overheating, degradation of local 

parts and flaking of oxide layers, which can cause erosion damage of the steam components surface. This 

fact leads to the development of new steels, which should have the requisite level of creep strength while 

increased oxidation resistance at supercritical steam conditions. 
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Abstract  

The kinetics of austenite grain growth was evaluated in range of usual forging temperatures (850-1250 °C). 

The steels type C35E, SA-508 and 3.5Ni-1,.5Cr were compared. The metallographic evaluation of annealed 

and water cooled samples was applied. Up to the temperature 1000 °C there are no significant grain 

coarsening monitored. The effect of alloying elements in evaluated steels on grain growth and 

recrystallization kinetics of austenite was monitored. 

Keywords: Microstructure, microscopy, recrystallization, precipitation, austenite, grain size  

1. INTRODUCTION 

Processing of heavy forgings is very specific. The main aspect is volume of material, which is casted, heat 

treated and deformed. Manufacturing process has number of specifics due to the large size and weight of 

the product. The consequent effect is naturally heterogeneity in microstructure and elevated danger of defect 

formation. In case of nonconforming product, there is appreciable economical effect of repeated processing. 

For improving the final microstructural homogeneity of forgings is necessary to evaluate the influence of all 

steps of processing on microstructure. Significant role of recrystallization and precipitation during the forging 

processing is evident. In the contribution the grain growth of austenite, precipitation and recrystallization is 

compared in case of selected steels typically used for big forgings. The laboratory deformation by upsetting 

was applied for dynamic and static recrystallization evaluation.      

2. EXPERIMENTAL  

Experimental material was supplied by PILSEN STEEL Ltd. in the form of machined sections from forgings. 

The steels C35E with ferritic-pearlitic microstructure, SA-508 Grade C1.1 bainitic steel and bainitic steel 

signed as 3.5Ni-1.5Cr (NiCr) were selected for laboratory evaluation. Chemical composition of all steels is 

shown in Table 1. 

Table 1 Chemical composition of evaluated steels [wt. %] 

Steel C Mn Si P S Cr Ni Mo Ti V Al N 

C35E 0.45 0.75 0.19 0.005 0.003 0.09 - 0.02 0.001 - 0.021 0.008 

SA-508 0.18 1.27 0.27 0.005 0.001 0.07 0.64 0.48 0.002 0.01 0.029 0.004 

3.5Ni-1.5Cr 0.21 0.31 0.10 0.004 0.002 1.75 3.58 0.46 - 0.08 0.008 0.003 

To evaluate the kinetics of austenite grain growth, the temperature range corresponding to the typical range 

of temperatures including final forging steps (850 - 1250) °C was selected. Samples of dimensions of 15 x 15 

x 15 mm were cooled in water after the treatment to allow austenitic grain evaluation. Heat treating was 

carried out in the filling of corundum and crushed coke, restricting decarburization. Holding times at the 

mailto:petr.zuna@fs.cvut.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

538 

temperature were 15 and 60 minutes. Dwell time of 15 min was selected for laboratory processing with 

minimal decarburization, whereas 60 minutes dwell time better simulates real forging conditions.  

The laboratory upsetting was applied using gravity falling hammer weighing 11.6 kg and with a lines height of 

3500 mm. Ram impact velocity is 8.3 m.s-1. Cylinders with a diameter of 8 mm and a height of 15 mm were 

used for the purpose of recrystallization evaluation. In case of a sample with a height of 15 mm the 

equivalent strain rate is approximately 5.5 .102s-1. The required deformation of the samples was achieved 

by inserting a stopper. Manipulation time from final deformation to cooling sample in water was 3 seconds. 

Samples were processed using the same austenitizing temperature of 1200 °C for 15 min and air cooling at 

the deformation temperature afterwards. In case of steel C35E the temperature of 1250 °C was used. 

Subsequently, 15 minutes dwell was performed at the deformation temperature. The samples were 

deformed by upsetting. Part of them was immediately cooled down in water for the purpose dynamic, 

respectively metadynamic recrystallization evaluation. The other samples were put back into the furnace 

either for 60 s, 180 s, 300 s or 600 s and then cooled down in water. These procedures were used for the 

purpose of static recrystallization evaluation. The deformation temperature was 850 °C, and 1000 °C and 

deformation to 60 % of original specimen high. In case of steel C35E the deformation to 50 % of original 

specimen high at temperature 1050 °C were applied.  

The microstructure was evaluated by means of light microscopy, scanning electron microscopy combined 

with EDS microanalysis and transmission electron microscopy. Samples were etched in NITAL, Villela-Bain 

agents or in hot picric acid reagent with surfactant addition. 

3. RESULS AND DISCUSSION 

3.1. Austenite grain growth kinetics 

The austenite grain grow kinetics of monitored steels is summarized in graphical form in Fig. 1.  
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 Fig. 1 Grain size of austenite after austenitization 15 min and 1 hour, water cooled 

Grain sizes of all steels are comparable up to temperature of 1000 °C. The grain size of all steels coarsens 

significantly in temperature interval (1000 - 1100) °C. Differences in grain size of evaluated steels are 

appreciable as well. Whereas the temperature is sufficient for dissolving of less stable precipitates, selective 

grain coarsening was observed especially in case of steel C45E and NiCr [1]. Influence of time on grain size 

differences is pronounced up to temperature 1150 °C. The time influence on grain coarsening decreases at 

temperatures of 1200 °C and over. Differences between grain sizes are reduced especially in case of 

SA-508 and NiCr steel.  
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Typical microstructures of monitored steels are documented in Fig. 2. Microstructure corresponds to mixture 

of martensite and bainite and islands of retained austenite. At lower temperatures of austenitizing the 

number of precipitates is present in microstructure of all steels. Particles are distributed on grain boundaries 

and in grain interior. The quantity and slightly size of particles decreases with increasing temperature. 

Dissolving of particles is more evident on grain boundaries. 

a) 950 °C / 1 h b) 1200 °C / 1 h 

  

SA-805, 850 °C / 1h / water SA-508, 1100 °C / 1h / water 

  
NiCr, 850 °C / 1h / water NiCr, 1100 °C / 1h / water 

 Fig. 2 Microstructure after austenitization, carbon extraction replicas, TEM 
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Particles Fe2C, (Fe3C), M2C and AlN are present in case of steel C35E [2]. In case of steel SA-508 particles 

type M2C and M3C where M = Fe, (Mn, Mo). Particles AlN and Ti(C,N) were observed sporadically [3]. NiCr 

steel microstructure contains predominantly fine particles identified as M2C, (M3C) and Fe3C. On grain 

boundaries also precipitates of type M23C6, (M = Cr, Mn) and rarely Cr7C3 were monitored [4]. 

3.2  Recrystallization  

Recrystallization kinetics comparison 

for all evaluated steels is shown in  

Fig 3. In case of steel C35E the 

dynamic resp. postdynamic 

recrystallization is pronounced by finer 

initial grain, slightly higher deformation 

and higher temperature of austenitizing 

[5, 6, 7]. Dynamic recrystallization in 

case of steels SA-508 and NiCr is 

comparable. The recrystallized volume 

fraction at temperature of 850 °C is 

only about 3 %. After 60 s dwell at 

deformation temperature continues 

static recrystallization with kinetics 

exponent n  2. This value is typical for 

steels. Recrystallization after the 

10 minutes is still not completed.  

Increased deformation temperature 

enhances the dynamic recrystallization 

effect. Volume fraction recrystallized 

dynamically at temperature of 1000 °C 

increases at Xv  15 %. The 

recrystallization is completed after 

2 minutes in case of steel SA-508. For CrNi steel the recrystallization finishes during the dwell of 10 minutes. 

At higher deformation temperatures retarding effect of alloying elements Ni and Cr is pronounced [2]. 

The austenitic grain size of recrystallized microstructure compares Table 2. Grain size was measured at 

central region of homogeneous deformation if recrystallized fraction was at least 50 %.  

Table 2 Grain size of recrystallized austenite (µm) 

Steel 
Initial grain 

size (µm) 
Deformation 
temperature 

Dwell time at deformation temperature (s) 

2 60 180 300 600 

C35E 250 
850 °C 47 - - 71 - 

1050 °C 127 - - 396 - 

SA-805 380 
850 °C - - 64 72 81 

1000 °C - 42 50 63 69 

3.5Ni-1.5Cr 560 
850 °C - - - 45 113 

1000 °C - 50 71 92 115 

From the results is evident, that in case of steel C35E the deformation temperature of 1050 °C causes 

intensive dynamic recrystallization and consequent grain coarsening due to limited precipitation [6]. Grain 

growth at higher temperatures may be pronounced due to a reverse effect of partial dissolving of present 

particles.  

 Fig. 3 Recrystallization kinetics after austenitization at 

temperature 1200 °C, deformation 40 % at 850 °C and 1000 °C 

(C35E: austenitization 1250°C, deformation 50 % at 850 °C and 

1050 °C) - Avrami’s scale 
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In region of hindered deformation (dead-metal zone) of testing sample the real deformation of (7 - 10) % was 

measured. This value is close to the point where critical deformation occurs and may lead to the grain 

coarsening during recrystallization. Grain size of austenite in this region was evaluated in case of bainitic 

steels SA-508 and NiCr. Measured grain size is comparable or lower than austenite grain size before 

deformation without significant differences between both evaluated steels. Extreme grain coarsening 

exceeding the original grain size before deformation at evaluated condition was not observed. 

4. SUMMARY 

The significant grain coarsening of austenite is evident above the temperature of 1100 °C in case of steel 

SA-508. Austenitic grain of steel 3,5Ni-1,5Cr and C35E coarsens from temperature of 1000 °C. 

Transmission electron microscopy showed that microstructure of steels contains precipitates in all states. 

The particles are mainly located at the boundaries of austenite grains and in spaces between some 

martensite or bainite needles. Particles Fe2C, (Fe3C), M2C and AlN are present in microstructure of steel 

C35E. In case of steel SA-508 particles type M2C and M3C (M = Fe, (Mn, Mo)) were observed. NiCr steel 

microstructure contains predominantly fine particles identified as M2C, (M3C) and Fe3C, on grain boundaries 

precipitates of type M23C6, (M = Cr, Mn) and Cr7C3. The number of particles decreases significantly with 

increasing processing temperature. The particle size decreases slightly with temperature.  

Dynamically recrystallized volume fraction and following static recrystallization rate increases with higher 

deformation temperature. 

The deformation at 850 °C after austenitizing at the temperature of 1200 °C leads to a sporadic dynamic, 

respectively metadynamic recrystallization in case of SA-508 and steel 3,5Ni-1,5Cr. After the dwell of 10 min 

at the deformation temperature the static recrystallization is not completed. Recrystallization of steel C35E 

has practically dynamical or postdynamical form. 

At regions of dead zone, where the deformation reaches (7 - 10) % (close to the critical deformation value), 

grain size corresponds to initial austenitic grain before deformation or is smaller.  
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Abstract  

A new strategy of thermo-mechanical treatment with continuous cooling was tested for two low alloyed TRIP 

(transformation induced plasticity) steels. TRIP steels are high-strength steels with good formability and 

ductility and this excellent combination of mechanical properties results from fine, multiphase microstructure 

with about 10-15 % of stabilized retained austenite. The processing of TRIP steels typically consists of 

heating either into the intercritical region or above, deformation applied during the cooling from this 

temperature and bainitic hold at temperatures around 400 °C. The hold should ensure convenient bainite 

content in the final microstructure and also sufficient carbon enrichment of austenitic areas.  

This aim of this work is to design and test a new processing strategy in which the time consuming bainitic 

hold is replaced by continuous cooling. Two steels with chemical compositions typical for TRIP steels have 

been chosen for this experimental program, 0.2C-1.5-Mn-1.8Si and 0.2C-1.5Mn-1.8Si-0.059Nb. Reference 

samples were prepared from both steels, processed by thermo-mechanical treatment with incremental 

deformation cycles and bainitic hold. The new strategy was based on the standard rolling mill processing of 

similar steels. Processing parameters were optimised with respect to the final microstructure and properties. 

The resulting microstructures were analysed with the help of light, scanning confocal microscopy and 

scanning electron microscopy. The amount of retained austenite was established by X-ray diffraction phase 

analysis, reaching values around 15 %. Mechanical properties were determined by tensile testing, hardness 

measurement and notch impact testing. The new strategy of thermo-mechanical treatment resulted in 

ultimate strengths above 1000MPa with ductility above 20 %. 

Keywords: thermo-mechanical processing, TRIP steel, bainitic hold  

1. INTRODUCTION  

TRIP (transformation induced plasticity) steels are low-alloyed multiphase high-strength steels with good 

formability and ductility and therefore have found their main application in rolled thin sheets for the 

automotive industry. Recently there have also been attempts to broaden their usage for parts produced by 

other technologies, such as forging or rotary spin extrusion [1,2]. For the last two decades practically all TRIP 

steels have been processed by thermo-mechanical treatment with the hold in the temperature interval of 

bainite transformation. This hold has been considered crucial for successful development of an appropriate 

multiphase structure suitable for utilization of the TRIP effect.  

This work reflects industrial demand for different processing routes, which do not require long holds at 

temperatures around 400 °C. Processing with continuous cooling is more time efficient and therefore also 

more cost efficient. Material-technological modelling was used as a suitable method for developing this new 

processing strategy. TRIP steels were treated using a regime which simulated normal rolling mill processing, 

to determine whether or not this innovative and economically beneficial material could be treated in a specific 

rolling mill and what material properties can be expected in the final product. Particular attention was given to 

the cooling strategy after the deformation process.  

mailto:skalova.lida@seznam.cz
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2. EXPERIMENTAL PROGRAMME  

Two different TRIP steels were chosen for this experimental programme. The first one has the most common 

chemical composition of TRIP steels with 0.2 %C alloyed with manganese and silicon. These elements are 

added to increase the stability of retained austenite and in the case of silicon also to increase the strength of 

the steel. The second steel has the same content of the main alloying elements, but it is further micro-alloyed 

by niobium (Table1). Niobium refines the final microstructure of TRIP steel and enhances its strength [3]. 

The microstructure of TRIP steels should consist of bainite, ferrite and retained austenite in appropriate 

quantities and morphologies. The amount, morphology and stability of retained austenite is particularly 

responsible for the interesting properties of TRIP steels. Each strategy of thermo-mechanical treatment of 

TRIP steel therefore has to ensure suitable distribution and proper stabilization of retained austenite [4]. This 

stabilization is mainly achieved by carbon enrichment which takes place during the bainitic hold. Any attempt 

to propose a processing strategy without a bainitic hold has to deal with this issue.  

First of all, material-technological modelling was 

used to treat both steels using a regime which 

simulates normal rolling mill processing. A 

thermo-mechanical simulator was used for 

sample processing, as it applies precisely 

controlled and monitored thermal and 

deformation regimes, which might include rapid incremental deformations. This equipment also enables 

rapid changes in process parameters and precise simulation of processing conditions. Particularly for steels, 

temperature gradients of over 250°C per second for heating and cooling can be achieved. The aim of this 

experiment was to determine whether or not innovative and economically beneficial TRIP steels are suitable 

for treatment in a specific rolling mill and what material properties can be expected in the final product.  

Table 2 Thermo-mechanical processing parameters and mechanical properties 

Heating temperature, 
deformation parameters  

Cooling schedule 
after the 

deformations 
Steel  

RA  

[%] 

Mechanical properties 

Rp0.2 
[MPa] 

Rm 
[MPa] 

A5mm 
[%] 

Heating at 1050°C,       10x 
def. steps at 1030-830°C   

Without hold, 
cooling at 1°C/s  

CMnSi 0 462 670 40 

CMnSiNb 15 487 850 24 

1°C/s to 300°C hold 
300°C/600sec 

CMnSi 0 461 770 39 

CMnSiNb 16 473 835 26 

16°C/s to 300°C 
hold 300°C/600 s 

CMnSi 9 415 848 31 

CMnSiNb 12 811 1070 22 

16°C/s to 425°C 
hold 425°C/600s 

CMnSi 

20 375 780 30 

Heating at 900°C,        40x 
def. steps at 900-720°C,    

16°C/s to 425°C 
hold 425°C/600s 

12 355 765 36 

In the next step, processing parameters were varied to achieve multiphase microstructure typical for TRIP 

steels. The simulated rolling strategy consisted of heating to 1050 °C and passing through twenty rolling mills 

Table7 Chemical composition of TRIP steels [wt. %] 

Steel  C Mn Si Nb 

CMnSiNb 0.2 1.5 1.80 0.06 

CMnSi 0.2 1.5 1.80 - 
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in 2.8 s. Individual passes are simulated as alternating tensile and compression deformation steps. During 

the design of this deformation regime time intervals between individual rolling mills were taken into account. 

The deformation took place during a temperature decrease within an interval from 1050 °C to 830 °C. During 

this deformation a true strain of 1.66 with various strain rates from 0.3 to 20 s-1 was reached.  

Deformation was followed by cooling to room temperature without bainitic hold with the average cooling rate 

1 °C/s. This cooling corresponded to the real cooling schedule used in industrial processing. Two other 

cooling strategies with isothermal hold were further tested, with cooling rates 1 °C/s and 16 °C/s and with 

600 s hold at a temperature of 300 °C (Table 2). Another processing strategy combined the characteristics of 

both TRIP steel processing and the rolling mill schedule. The heating and deformation parameters of rolling 

mill processing were followed by a 600s bainitic hold at 425 °C. A reference sample was processed 

according to a TRIP steel strategy optimised previously for CMnSi steel [5]. This processing strategy 

consisted of heating to 900 °C, followed by forty deformation steps applied during cooling between 

900-720 °C. The steel was subsequently cooled at 16°C/s to the bainitic hold, which was performed for 600s 

at 425 °C. The resulting microstructures were analysed by laser scanning confocal microscopy and scanning 

electron microscopy. The volume fraction of retained austenite was determined for all specimens by X-ray 

diffraction phase analysis. Mechanical properties were determined by tensile tests of small specimens. 

3. RESULTS AND DISCUSSION 

In the first simulated regime the deformation was followed by a slow cooling to room temperature. The 

cooling rate was about 1 °C/s and this slow cooling represents one of the real process alternatives. The final 

structure consisted of ferrite and very fine pearlite in CMnSi steel (Fig 1). The amount of retained austenite 

was below detection limit of X-ray analysis. The addition of niobium resulted in a more TRIP-like final 

microstructure consisting of ferrite and bainite with very small amounts of pearlite and martensite (Fig. 2) in 

CMnSiNb steel. Pearlite and martensite are undesirable in TRIP structures because they decrease carbon 

content in retained austenite thus decreasing its chemical stability. However in this case, the volume fraction 

of retained austenite determined by X-ray analyses was still 15 %. The strength of CMnSiNb steel was 

850MPa, which was 200MPa higher than the strength of CMnSi steel. However the ductility of CMnSi steel 

was nearly two times higher than that of CMnSiNb steel, reaching 40 %. 

  
Fig. 1 CMnSi, without hold, cooling rate 1°C/s, 

ferrite-pearlite microstructure 
Fig. 2 CMnSiNb, without hold, cooling rate1°C/s, 

ferrite-bainite microstructure 
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In the next step another strategy was examined, in which the same deformation regime was followed by a 

different cooling strategy. The steel was cooled only to 300 °C and at this temperature a 600 s hold was 

carried out. This isothermal hold is characteristic for TRIP steels and it serves to stabilize the retained 

austenite. The cooling rate between 830 °C and 300 °C was kept at 1°C/s. For CMnSi steel, the resulting 

microstructure was again ferritic-pearlitic, exactly as after the first processing strategy (Fig. 3) with retained 

austenite fraction below detection limit. The final microstructure of CMnSiNb steel was ferritic-bainitic with 

smaller amounts of martensite and 16 % of retained austenite (Fig. 4). No pearlite was detected in the 

CMnSiNb steel. The strength of Nb alloyed steel was 835 MPa, which was about 60 MPa higher than for 

CMnSi steel. As the hold made no visible difference to the final microstructure of CMnSi steel, it clearly 

shows that the cooling rate 1 °C/s was so low that all remaining austenite transformed to pearlite during the 

cooling and there was hardly any left to transform during the bainitic hold.  

  
Fig. 3 CMnSi, 1°C/s-300°C/600s, ferrite-pearlite 

microstructure 
Fig. 4 CMnSiNb, 1°C/s-300°C/600s, ferrite-bainite 

microstructure 

  
Fig. 5 CMnSi, 16°C/s-300°C/600s,ferrite-bainite 

microstructure with martensite areas 
Fig. 6 CMnSiNb, 16°C/s-300°C/600s, bainitic-ferritic 

microstructure 
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To remove large amounts of pearlite from the final microstructure of CMnSi steel, the cooling rate was 

increased to 16°C/s in the next step. Quicker cooling enabled this steel to avoid pearlite nose and the 

microstructure was therefore more TRIP-like and consisted of ferrite, bainite and M-A constituent with 9 % of 

retained austenite (Fig. 5). On the other hand, the microstructure of CMnSiNb steel turned out to be 

predominantly bainitic, with rather coarse bainitic areas and 12 % of retained austenite. This processing also 

resulted in the highest strength of both experimental steels, reaching 1070MPa for CMnSiNb and 848MPa 

for CMnSi steel. The ductility was relatively low in comparison with the other processing strategies used in 

this experimental programme; however CMnSi steel still achieved 31 % and CMnSiNb steel 20 %.  

In the next step further processing, where the heating and deformation conditions of the rolling mill were 

combined with a bainitic hold at 425°C typical for CMnSi TRIP steel can be compared. The final 

microstructure consisted of a mixture of ferrite, bainite and 19 % of retained austenite (Fig. 7) and this 

corresponds to typical TRIP microstructures. The amount of austenite is relatively high and thus less stable 

and therefore mechanical properties are slightly lower than in the previous case. The ductility of CMnSi steel 

after this processing was also only 30 % and the strength was 70 MPa lower.  

The reference sample was prepared using the processing optimised for CMnSi TRIP steel [4]. Heating 

temperature was lowered to 900°C to maintain high cost efficiency of the processing. Forty deformation 

steps were applied during the cooling to 720°C. The heating and deformation schedules of the rolling mill 

were changed to schedules optimized for CMnSi TRIP steel; however neither microstructure (Fig. 8) nor the 

mechanical properties underwent any remarkable changes. The strength went down slightly to 765MPa, 

while the ductility increased to 36 %. This could be explained by better stabilization of retained austenite. 

This indicates that when the number of incremental deformation steps increases above a certain level, it 

does not bring any further microstructure refinement or any significant improvement to the strength of the 

steel. The results showed that the cooling behaviour is the most important part of the processing of TRIP 

steels. 

  
Fig. 7 CMnSi, rolling mill-16°C/s-425°C/600s ferritic-

bainitic microstructure 
Fig. 8 CMnSi, TRIP processing-16°C/s-425°C/600s 

ferritic-bainitic microstructure 

 

4. CONCLUSIONS 

The real processing route of a rolling mill was simulated using a thermo-mechanical simulator and 

successfully carried out for CMnSiNb and CMnSi TRIP steel. Various cooling strategies were proposed to 
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optimize the final microstructures of these steels with regard to their mechanical properties. One cooling 

strategy respected standard rolling mill processing with slow continuous cooling, while three other strategies 

used bainitic holds typical for TRIP steel processing. The holds were carried out at 300°C or 425°C and the 

cooling from the final deformation temperature to the bainitic hold temperature was performed either at 1°C/s 

or 16°C/s. 

The microstructures of CMnSiNb steel were, after both processing with and without bainitic hold, more 

suitable for the utilization of the TRIP effect than the corresponding structures of CMnSi steel. CMnSi steel 

achieved a TRIP-like microstructure only after the quicker cooling and subsequent bainitic hold at 300°C, but 

there was still a lot of martensite in the final structure. Only the increase of the bainitic hold temperature to 

425°C brought satisfying results for CMnSi steel. A lower cooling rate of 1°C/s was to slow for CMnSi steel to 

pass through the bainitic region at all and all the austenite had already transformed to pearlite during the 

cooling. On the other hand, this lower cooling rate was sufficient for CMnSiNb steel to develop a very TRIP-

like microstructure even after the processing without the bainitic hold. It proved that niobium had a positive 

effect on phase transformations during the processing and apparently opened a larger window of processing 

parameters. 

With regards to mechanical properties, CMnSiNb steel possessed higher strength and lower ductility for each 

processing strategy. This result is in good agreement with the previous findings, that niobium microalloyed 

steels generally have higher strength than CMnSi TRIP steels, however at the expense of lower ductility. The 

highest strength was obtained for both steels after the processing with quicker cooling and bainitic hold at 

300°C, reaching 1070MPa for CMnSiNb and 848MPa for CMnSi steel. On the other hand, slower cooling by 

1°C/s increased the ductility of both steels, regardless of the presence or absence of the bainitic hold.  
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Abstract 

The Thailand automotive industry and electrical appliance are growing continuously in the last decade. For 

this reason, a demand of high formability low carbon hot rolled steel strip has ever-increasing. One candidate 

is boron added low carbon steel. Added 20-40 ppm low carbon steels can increase elongation while tensile 

strength and yield strength are slightly decreased. However, hot rolling of boron added steel caused some 

difficulties in rolling practice due to need higher rolling load at finishing mill. To succeed the development, 

continuous cooling transformation and high temperature deformation were investigated by using deformable 

dilatometer. Flow stress of both steels was determined by hot compression test at temperature range of 850 

to 1050 °C under strain rate of 10 s-1. The results show that transformation start temperature of boron-added 

steel is lower than that of boron-free steel. Hot compression test results show that flow stress of boron-added 

steel is higher than that of boron-free steel. Especially at 1,000 - 1,050 oC, boron free steel exhibit work 

softening after strain of 0.35 can be observed, representing the dynamic recrystallization occurs but boron 

added steel does not occur in accordance that may cause high rolling load at finishing mill stand. From these 

fundamental data, the developed steel succeeded to increase 15 % elongation and higher forming limit curve 

than boron free low carbon steel  

Keywords: Boron-added Steel, Boron-free Steel, Continuous Cooling Transformation, High Temperature 
Flow Stress Forming Limit Curve 

1. INTRODUCTION 

The demand of high formability hot rolled low carbon steel strip for the Thailand industry has ever-increasing. 

For this reason, the Thailand steelmakers have focused on manufacturing steel sheets with high formability, 

such as low yield point and high elongation, for support the customer’s requirement. To enhance the good 

formability of hot rolled low carbon steel strip, addition of boron is one of the methods that has been 

developed originally by ITO et al. [1], recent work done for example by TURI and LYNES [2] and CHO and 

KIM [3] The reason is boron being a strong nitride former combines aggressively with dissolved nitrogen in 

steel and thus increases total elongation and lowers yield strength. It also leads to coarse grain structure 

partially forming large Boron Nitride (BN) in place of fine Aluminum Nitride (AlN) [4]. Moreover, boron can 

segregate to grain boundary, which causes to improve grain boundary cohesive strength and leads to 

suppress austenite decomposition [5]. Therefore, it retards recrystallization kinetics during hot working by 

solute drag effect, so that the austenite-ferrite transformation temperature of boron added steel (BAS) will be 

different from the boron free steel (BFS) [6]. Continuous cooling transformation (CCT) diagram stands out as 

the tools for determining the effect of boron on the austenite-ferrite transformation temperature. However, in 

hot rolling process, we found that the rolling force of BAS is much higher than that of BFS and caused some 

difficulties in rolling practice in spite of the opposite behavior between BAS and BFS at room temperature, in 

which flow stress of BAS is normally softer than that of BFS. Therefore, the flow stress behavior at austenite 

temperature range and austenite decomposition temperature of BAS are important data to design the hot 

rolling schedule. 

mailto:nuntawatc@ssi-steel.com
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Mechanical properties characteristics and the stamping formability index such as flow limit curve are 

discussed.   

2. EXPERIMETAL 

2.1 Laboratory experiment 

BAS and BFS samples were prepared from 2 hot rolled bars. The chemical compositions are shown in  

Table 1.  

Table 1 Chemical composition of specimens (wt%) 

 

The steel samples for measuring dilatometric change due to 

transformation were prepared as cylindrical specimens with 5 mm in 

diameter and 10 mm in length. 

In order to investigate the CCT diagram of both steels, the specimens 

were heated to 1000 oC with heating rate 10 oC/s and soaked at this 

temperature for 120 seconds. Then, the specimens were cooled down 

to room temperature with cooling rate 0.2, 1, 5, 20, 40, and 60 oC/s. The 

thermal schedule is shown in Fig. 1.  

Flow stresses of both steels were investigated by hot compression test. 

The specimens were heated to 1250 oC with heating rate 10 oC/s and 

soaked for 120 seconds. Then, the specimens were cooled down to 

various testing temperatures (1050, 1000, 950, 900 and 850 oC) and 

soaked for 60 seconds and followed that the specimen was 

compressed with 100 % reduction, under strain rate 10 s-1. The testing 

schedule is shown in Fig. 2. The flow stresses of BAS and BFS at various temperatures were investigated. 

High temperature tensile test was also carried out under strain rate 1 s-1 which was cross-checked for flow 

stress measured by the compression and was mainly evaluated to the ductility at high temperature.  

Metallographic observations were conducted by optical 

microscope. 

2.2 Industrial trial  

Based on the finding of the laboratory test, process parameters 

were designed for trial in the plant. The design for finishing 

temperature was set above the austenite decomposition 

temperature to avoid the effect of two phase rolling. The rolling 

force of finishing mill stand was set from hot deformation data to 

prevent mill instability due to incorrect set up flow stress. The 

trial hot rolled coils were evaluated by mechanical test, forming 

limit diagram and microstructure 

 

Fig. 1 Thermal schedule of 
samples for CCT diagram 

investigation 

Fig. 2 Schematic diagram for hot 

compression test 
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3. RESULTS & DISCUSSION  

3.1 Austenite-Ferrite Transformation Start Temperature 

Fig. 3 shows the CCT diagram of the studied steels. At all cooling rates, the austenite-ferrite transformation 

start temperature (AFTST) of BFS is higher than that of BAS, but almost same for smallest cooling rate of 0.2 
oC/s. AFTST of both steels decreases with the increasing of cooling rate. 

 

 Fig. 3 CCT diagrams of BFS and BAS 

The microstructures of BFS and BAS with at various cooling rates are shown in Fig. 4, in which white is 

ferrite (polygonal ferrite) and black is pearlite; no other structures appear within the experiment condition. 

Grain size of BAS and BFS increases with decreasing cooling rate. Ferrite grains of BFS are finer than that 

of BAS in all cooling rates. It is also observed that at high cooling rates, BAS grain has more irregular shape 

than that of BFS. 

3.2 High temperature flow stress 

Fig. 5a and 5b show the flow stress of BFS and BAS, respectively, at various temperatures under hot 

compression test with 100 % deformation under the strain rate of 10 s-1. The flow stress of BFS and BAS 

decreases as test temperature increases. In case of BFS, Fig. 6a shows that flow stress of BFS at lower 

temperature, 850 to 950 °C exhibits work hardening. However, at higher temperature, 1,000 to 1,050 °C, 

work softening after strain of 0.35 can be observed, representing the dynamic recrystallization occurs. In 

case of BAS as shown in Fig. 5b, there is no fluctuation of flow stress at all temperatures. Therefore, no 

dynamic recrystallization of BAS occurs during deformation under strain rate 10 s -1. Tensile test showed the 

similar results. 
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Steel Cooling rate 

1 oC/s 20 oC/s 40 oC/s 60 oC/s 

BFS 

    
Grain size 

ASTM No. = 7.9 
Grain size 

ASTM No. = 8.7 
Grain size 

ASTM No. = 8.9 
Grain size 

ASTM No. = 9.0 

BAS 

    
Grain size 

ASTM No. = 6.6 
Grain size 

ASTM No. = 7.5 
Grain size 

ASTM No. = 7.9 
Grain size 

ASTM No. = 8.1 
 Fig. 4 Microstructure of BFS and BAS 

 

 Fig. 5 Flow stresses at various temperatures a) BFS and b) BAS 

3.3 Mechanical properties 

The effect of boron on mechanical properties of both steels is shown in Table 2. It appears that yield 

strength (YS), tensile strength (TS), yield point elogation (YPE), n and r values of boron-added steel are 

lower than those of boron-free steel. On the contrary, elongation (EL) is higher in boron-added steel strip; 

improvement degree of 15 %.  

Table 2 Mechanical properties 

Steel TS (MPa) YS (MPa) YPE (%) EL (%) n r 

BFS 373 288 2.6 % 40 % 0.203 0.81 

BAS 328 209 0 % 46 % 0.199 0.78 
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3.4 Forming limit curve  

Forming limit curve (FLC), evaluated experimentally for BAS and BFS sheets following ISO12004-2, are 

shown in Fig. 6. The strain limit of BAS from all testing geometry is higher than BFS.  

 

 Fig. 6 Forming limit curve of BAS and BFS 

4. DISCUSSION  

The effect of boron addition on AFTST is shown in Fig. 3. The AFTST of BAS is higher than that of BFS at all 

cooling rates . The addition of boron in steels decreases the AFTST by the effect of the precipitation of BN. It 

was reported that coarse BN precipitates at grain boundary in BAS prior to AlN precipitates [4, 7, 8]. On the 

other hand, in BFS, only AlN can precipitate and exist much than in BFS. With finer AlN precipitates in BFS, 

higher amounts of ferrite nucleation sites are expected rather than that exist in BAS. AlN precipitates are 

finer than BN precipitates in BAS because diffusitivity of Al is far less than B in austenite (2.9 x 10-11 m2/s for 

B and 1.68 x 10-15 m2/s for Al at about 900 °C). So, austenite can decompose and the formation of ferrite can 

occur easier in BFS than that in BAS. This leads to the higher transformation temperature in BFS.  

Fig. 4 shows the microstructure of BFS and BAS at various cooling rates obtained from heating schedule 

shown in Fig. 1. It is shown that grain size of BAS is larger than that of BFS at all cooling rates. Coarse BN 

precipitates at grain boundary of BAS and it makes no effect on pinning grain growth [4, 5]. Therefore, grain 

growth occurs in BAS resulting in larger grain size than BFS. In case of BFS, finer and larger amount of AlN 

precipitates, which have smaller interparticle spacing at the austenite grain boundaries, are more effective 

for pinning the grain boundaries. Consequently, BFS grain size becomes finer than BAS. 

According to Fig. 5a and 5b, flow stresses of BFS and BAS decrease with increasing the hot compression 

test temperature. Flow stress of BAS is higher than BFS at all temperatures. At 850 - 950 °C, no dynamic 

recrystallization occurs in BFS since there is no fluctuation of flow stress. However, fluctuation of flow stress 

is observed when strain is over 0.35 at temperature 1,000 and 1,050 °C. This indicates that at these 

temperatures, BFS exhibits the dynamic recrystallization. In BAS, contrasted to BFS, no dynamic 

recrystallization occurs at all temperatures. The reason of the retard of dynamic recrystallization by boron is 

not clear at the present because most alloying elements tend to delay the onset of dynamic recrystallization 

[6]. However, it should be related to the different existence state of boron atoms between soluble boron 

atoms and BN precipitates that can make an effect on dynamic recrystallization and further studies should be 

done. 
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As discussion above the yield point of BAS is lower than BFS due to the ferrite grain size is bigger. YPE of 

BAS is lower than BFS because of B is a strong nitride former that can catch up free nitrogen in steel and 

make grain boundary more clear. So BAS can increase forming limit curve. The mill trial result showed newly 

developed boron added steel sheets exhibited lower yield strength, higher elongation and forming limit curve.  

5. CONCLUSION 

The newly developed high formability steel can achieve in product development target. By adding 20-40 ppm 

of boron in low carbon steel can increase formability and exhibits no yield point elongation (Lüder strain). 

These steel are successfully used by Thailand manufacturers to make the various kind of products  
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INFLUENCE OF DIFFERENT HEATING STRATEGIES ON STRESS-STRAIN BEHAVIOUR OF 

CONTINUOUSLY CAST BLOOM WITH AND WITHOUT INTERNAL DEFECT 

Miroslav KVÍČALA, Karel FRYDRÝŠEK, Aleš HENDRYCH 

VSB-Technical University of Ostrava, Ostrava, Czech Republic, EU, miroslav.kvicala@vsb.cz 

Abstract 

Four models of transverse cut of continuously cast round blooms with and without internal tricuspid defect 

were used for FEM simulations. The calculations included two different heating strategies (two and four 

hours) for heating up to 800 °C. Results clearly demonstrates that stress-strain behaviour of the blooms 

center is preferably influenced by defect presence and crack grow may be significantly reduced by proper 

choice of heating strategy. 

Keywords: FEM, heating strategy, internal defect, low-alloyed Cr-Mo steel, 25CrMo4 

1. INTRODUCTION 

In the case of the Cr-Mo based low-alloyed steel hot rolling of square billets from round continuously cast 

blooms with diameter 525 mm is complicated by the fact that the internal defects are detected during 

ultrasonic inspection at the end of production process on cooling bed. Final quality of hot rolled billets is 

influenced especially by casting speed and steel superheat in a tundish, heating conditions in soaking pit and 

hot rolling factors [1-3]. Production process is also complicated by the fact that continuously cast blooms may 

contain internal defect (Fig. 1). In our paper, it is demonstrated that for optimization of heating process in 

soaking pit before hot rolling it is necessary to respect the thermophysical properties and stress-strain 

behaviour of low-alloyed Cr-Mo based steels. Using FEM software MSC.MARC demonstrated that proper 

heating strategy before hot rolling may decrease internal crack grow significantly. 

 

 Fig. 1 Macroetched transverse cut of continuously cast round bloom (diameter 525 mm) - A; transverse cut 

of hot rolled billet (260x260 mm) from 25CrMo4 steel - B 

2. FEM SIMULATION BOUNDARY CONDITIONS AND MATERIAL PROPERTIES 

In this paper, the FEM simulations were realized in MSC.MARC/MENTAT software (see [4, 5]). Due to the 

symmetry and plane strain formulation of solved problem, only one half of transverse cut of round 

continuously cast bloom was used for FEM calculations. Two heating strategies were chosen (first heating 

consisted from heating up to 800 °C during two hours; second heating strategy consists from heating up to 

800 °C during four hours; starting temperature was 20°C for all heatings (the heat accumulated in the round 

bloom is exactly the same for both heating strategies). After the transformation from cartesian to cylindrical 

coordinates the heat flux accumulated into the bloom during the heating period can be expressed as 

mailto:miroslav.kvicala@vsb.cz
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                                                   (1) 

where t1, t2 are heating times, q1, q2 are heat fluxes, r is bloom radius, z is bloom length and  is appropriate 

angle. Due to the fact that only two variables are modified (q and t) equation (1) can be substituted by 

following formula 

                                                                              (2) 

Moreover first two FEM simulations were performed for internal defects free continuously cast bloom, the 

other two FEM simulations were performed for continuously cast bloom with tricuspid defect (Fig. 2). 

 

Fig. 2 Transverse half of continuously cast bloom with diameter 525 mm loaded by heat flux q. Every group 

of elements (m1, m2, ..., m8) is represented by specific chemical composition, mechanical and 

thermophysical properties. Schematic representation of tricuspid defect is also included 

 

In our simulations were applied heat fluxes (q = 2.5×104 W/m2 for the heating in four hours and q = 5×104 

W/m2 for heating in two hours), for more details see [6, 7]. There were difference between FEM simulations 

for the bloom without internal defect and the bloom with predefined internal defect. Defect free model 

consisted from 8 cells, 8346 tetrahedral elements and 8547 nodes, model with internal defect consisted from 

8 cells, 9136 tetrahedral elements with parabolic borders and 27857 nodes. The same time iteration was 

used for both heating strategies (2.5 s per one calculation step). The reason for different setting is caused by 

relative simplicity of calculations for defect free model (more sensitive meshing doesn´t influence results 

significantly). For practical problem description it is fully correct to use 2D model. The 3D model is not 

necessary because the stress-strain behaviour is stimulated by heat gradient across the transverse cut of 

continuously cast bloom. Heat gradient in the longitudial direction may be neglected (length of the bloom is 

roughly 4 meters) with one exception - asymptotic region that is linked to bloom´s corners at both ends (this 

fact may be responsible for potential surface corner cracks). From the theoretical point of view the most 

interesting is stress-strain behaviour in the crack surrounding so the different density of elements and nodes 

was used for cell m1 and remaining cells m2 - m8. FEM network for both two simulations is shown (Fig. 2) 
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Because of known chemical inhomogeneity of continuously cast blooms based on experimental procedures 

[1, 3, 8] and calculations in IDS solidification software the yield stress, tensile stress, Young modulus, 

thermal conductivity, heat capacity and thermal expansivity across the bloom diameter were modified for 

temperature range 20 - 800 °C. Therefore, material dependences across the bloom diameters were 

approximated by eight cells of materials m1, m2, ... , m8, see (Table 1) and the same procedure was done 

for chemical composition (Tab.2) 

Table 1 Overview of simulated mechanical and thermophysical properties for continuously cast bloom with 

diameter 525 mm made from 25CrMo4 steel. 

 Yield 

stress 

(MPa) 

Ultimate 

stress 

(MPa) 

Modulus of 

elasticity 

(MPa) 

Thermal 

conductivity 

(W.m-1.°C-1) 

Specific 

heat (kJ.kg-

1.°C-1) 

Coefficient of 

thermal 

expansion (°C-1) 

Min.: 139 180 8x1010 19.41 0.44 10-5 

Max.: 847 1100 2.5x1011 40.1 0.59 2.1x10-5 

Table 2 Overview of chemical composition for continuously cast bloom with diameter 525 mm made from 

25CrMo4 steel. 

 C Cr Mn Mo V Si Ni S P 

Min.: 0.22 1.12 0.7 0.2 0.04 0.2 0.3 0.008 0.008 

Max.: 0.35 2.25 1.4 0.7 0.3 0.3 0.1 0.015 0.015 

If we compare development of equivalent of stress for both heating strategies and also for the blooms with 

and without internal defect it is clear that the maximum of the stress is achieved soon after the start of 

heating for both heatings with internal defect meanwhile difference between two heatings without internal 

defect are rather small - see Fig. 3. 

 

Fig. 3 Dependence of equivalent of stress in the centre of continuously cast bloom on temperature for two 

heating strategies (2 hours and 4 hours) and model with and without internal tricuspid defect 
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The same comparison for equivalent of elastic strain (Fig. 4) demonstrates significant differences at 500 °C 

when slow heating in combination with internal defect contributes to total strain more significantly then 

combination of fast heating with internal defect. If we compare models with and without defects there is 

underlying difference in temperature range 20 - 250 °C when elastic strain value is high immediately after the 

start of heating process. The difference between two heating strategies without internal defect occurence 

can be neglected. 

 
Fig. 4 Dependence of equivalent of elastic strain in the centre of continuously cast bloom on temperature for 

two heating strategies (2 hours and 4 hours) and model with and without internal tricuspid defect 

The main difference between models with and without predefined internal defect is visible in case of 

equivalent of plastic strain (Fig. 5). If plastic strain is rather marginal for both two heating strategies there is 

significantly higher equivalent of plastic strain realized in case of fast heating through the almost whole 

heating range (with exception around 370 °C). in case of slow heating (with defect) equivalent of plastic 

strain is comparable with those curves associated with defect free models and the difference starts being 

significant when temperature in the centre of the bloom achieves approximately 400 °C. Local minimum of 

equivalent of plastic strain was observed at approximately 350 °C is related to temporary crack tip opening - 

it is accompanied by increase of equivalent of elastic strain. At higher temperatures the equivalent of plastic 

strain increases as a result of decreasing elastic modulus. 

 

Fig. 5 Dependence of equivalent of plastic strain in the centre of continuously cast bloom on temperature for 

two heating strategies (2 hours and 4 hours) and model with and without internal tricuspid defect 
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Due to the fact that equivalent of plastic strain is roughly one order higher for both two models with 

predefined internal defect equivalent of total strain curves (Fig. 6) are very similar to those for equivalent of 

plastic strain. 

 

Fig. 6 Dependence of equivalent of total strain in the centre of continuously cast bloom on temperature for 

two heating strategies (2 hours and 4 hours) and model with and without internal tricuspid defect 

For explicit expression of overall equivalent of total strain during whole heating period following calculation 

was used 

                                                              (3) 

where εT
*(T) is integral of all equivalents of total strain,εT (T) represents average equivalent of total strains 

and Tmax is maximal temperature achieved in centre of the bloom. Based on this calculation it was found that 

slower heating strategy led to 60 % reduction of crack grow rate. 

CONCLUSIONS 

FEM simulations of two heating strategies applied on one half of transverse cut of continuously cast round 

bloom with diameter 525 mm made from low-alloyed 25CrMo4 steel shown that the bloom without any 

internal defect may be heated up to 800 °C with both heating strategies without any significant impact on 

stress-strain behaviour and without risk of crack intiation and propagation during heating before hot rolling. 

On the contrary choice of heating strategy becomes very important when internal casting defect is present. 

As it was demonstrated through equivalent of plastic and total strain slower heating strategy reduced crack 

grow rate by 60 % compared to fast heating strategy. The choice of proper heating strategy is essential 

because small internal casting defect may be welded during hot rolling. 
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Abstract  

The size and shape of test specimens, their microstructure and non-homogeneity, significantly influence the 

strength properties and plasticity of tested steels. Efforts to characterize small-scale tensile properties are 

driven by the need to reliably predict the performance of engineering parts during service. In this study it is 

clearly demonstrated that the tensile properties of the tested R7T steel depend on specimen size. Both the 

yield stress and ultimate tensile strength of cylindrical tested specimens with diameter between 2 and 10 mm 

and plate specimens with thickness of 1 to 5 mm are independent of size. The results show that the uniform 

elongation is independent of specimen size but post-necking elongation increases dramatically as specimen 

size increases. This is caused by localized stress distribution in the neck region. The stress localization 

around the neck was characterized by means of the Weibull stress, which is a measure of material 

resistance against hardening and fracture. The Weibull stress is determined by the sample volume and the 

shape parameter. Numerically calculated Weibull stress using FEM is given in relation to the uniform 

deformation of the sample. It has been proved that Weibull stress for a constant deformation grows with 

increasing sample size. Increasing the shape parameter, e.g. narrowing the local strength distribution, 

increases the Weibull stress. The flat specimens are much more sensitive to the change of tensile behaviors 

with increasing size than the cylindrical specimens. It has been clearly proved that the Weibull stress is a 

convenient parameter for describing the size effect of steels in both brittle and ductile regimes. 

Keywords: Size effect, Weibull stress, ductility, R7T steel, tensile test specimen 

1. INTRODUCTION 

The size effect in brittle materials is related to the evaluation of the probability of fracture initiated by defects 

in the microstructure, most frequently by microcracks. The failure probability of a homogenously stressed 

volume V of brittle ceramics or metals with low plasticity is controlled by the Weibull distribution in the form 

[16] to [20] 
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where σu is the characteristic strength value, m is the Weibull modulus (which is a measure of the scatter of 

fracture strength σf ), and V0 is the normalizing volume (which can be arbitrarily chosen). The Weibull 

distribution Pf (σ,V) expresses the probability that the fracture strength σf of a material with volume V is lower 

than the given value σ. The validity of this distribution has been confirmed both for miniaturized tension 

specimens [21] and [22] and for standard-size test specimens [18] and [20]. 

Minami et al. [20], using the Beremin concept [18], calculated the failure probability for a non-homogenously 

stressed volume by integrating Eq. (1) for V → dV and using the weakest link model in the form of 
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and defined Weibull stress in the form, 

mailto:bohumir.strnadel@vsb.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

561 

 

m

V

m
w dV

V

/1

0

1














   (3) 

The Weibull stress σw expresses a form of mean stress in a non-homogenously stressed volume, which is a 

measure of material resistance against brittle fracture. However, it may also be used in the evaluation of 

plastic deformation propagation in the area of stress concentrators or in the initiation of a non-homogenous 

plastic stress deformation field. Weibull stress is a suitable tool for evaluating the overall stress state of any 

structural component, however complex its shape may be. Although Weibull stress was originally developed 

to evaluate the overall probability of brittle fracture in steels, including in the transition region where cleavage 

fracture is preceded by ductile tearing, this method can also be used to determine fracture probability [23]. 

Since the nucleation of cleavage microcracks by a dislocation slip mechanism depends on the localized 

plastic deformation, which is controlled by the grain size, the scale parameter σu depends on the grain size 

as well [18]. The effect of the normalized elementary volume V0 on the Weibull stress can be demonstrated 

by the ratio between Weibull stresses for two different reference volumes V01 and V02 using Eq. (4) 
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Since m > 1, the growth of the normalized elementary volume V0 lowers the Weibull stress. 

While the effect of size on the mechanical behaviour of brittle specimens can be very satisfactorily modelled 

using Weibull’s weakest link theory, very little is known about the effect of specimen size on the plastic 

characteristics of high toughness materials. Likewise, little is known about the sensitivity of material structural 

non-homogeneities to the size effect [14]. In an attempt to determine directly the effect of microvolume 

plastic deformation on material stress deformation behaviour in large specimens, methods of in situ testing of 

miniaturized tension specimens were developed [21], [24] and [25]. The stress deformation of these 

specimens is very strongly affected by the aspect ratio, defined as the ratio of gauge length to specimen 

thickness. Whereas at higher aspect ratios, for values of 5 and higher, strengthening of the tested single 

crystal copper tension specimens is low and flow stress grows only slightly with a decrease in cross section 

area, at low aspect ratios the material strengthens more rapidly, with strong growth of flow stress in small-

diameter specimens (below 2 μm) [24]. At very high aspect ratios (higher than 17 or 40 respectively, when 

testing specimens of very thin Ti alloy sheets or Fe metallic glass with gauge length from 2 up to 40 mm), 

strength is almost independent on aspect ratio [3]. Yuan et al. [5] investigated tensile test specimens of 

varying thickness prepared from FH 550 marine structural steel and X80 pipeline steel, finding that yield 

stress and tensile strength are independent on the thickness of the tested specimens. However, ductility was 

found to grow very rapidly with increasing thickness of test specimens between 1 and 6 mm in both 

investigated steels. Similarly, testing pure copper specimens, Zhao et al. [4] found an increase in ductility 

with increasing thickness and with decreasing gauge length. Sergueeva et al. [3], testing thin Ti alloy sheets 

and Fe metallic glass, clearly demonstrated an increase in ductility with decreasing gauge length. Tests of 

robust specimens (cylindrical specimens with diameter up to 10 mm) also show that ductility increases with 

increasing diameter, though it stabilizes at large diameters [1]. All these results clearly indicate that ductility 

decreases with increasing aspect ratio (i.e. the ratio of gauge length to specimen thickness). 

Three different areas of mechanical behaviour of polycrystalline Ni test specimens dependent on size were 

identified by Keller et al. [12]. For miniaturized tension specimens of very low thickness, when the ratio of 

thickness t to grain size d, t/d < 1, the above study, like Kiener et al. [24], found that the true stress for a 

given strain level increases with decreasing specimen thickness. In the range 1 < t/d < 4, true stress 

increases very rapidly with increasing specimen thickness, and at values above t/d = 4 the true stress 

becomes saturated and shows only weak dependence on thickness. When the number of grains in the 

specimen cross section is lower than 1 and t/d < 1, the slip mechanism of plastic deformation occurs only at 
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levels affecting the entire cross section of the specimen, interaction between mobile dislocations and grain 

boundaries is very limited, and strengthening is very low [12] and [24]. With increasing cross section area 

there is multiplication of activated glide systems and the Hall-Petch grain strengthening mechanism 

operates. Janssen et al. [26], testing high-purity aluminium, identified a rapid increase in true stress with 

increasing ratio t/d in the range 1 < t/d < tc/d = 3. Similarly, Kohyama et al. [9], testing austenitic 316 SS steel 

and 10Cr2Mo dual phase steel, found a very weak dependence of yield strength on specimen thickness 

above the critical value tc, which approximately corresponds with the size of 6 grains. For values tc/d < 6 it is 

indeed true that yield stress y  grows with increasing specimen thickness according to the relationship 

   2/1
/1/1)()( dkttbt ycyy    (5) 

where )(by  is the yield strength of a robust bulk specimen, d is mean grain size, ky is the Hall-Petch 

constant, and α is the shape parameter characterizing the speed of growth. A very gradual increase in yield 

stress and tensile strength with increasing ratio t/d in the range 1.2 < t/d < 14, with a low critical value tc, was 

found for thin Al sheets [27]. Suh et al. [28], testing aluminium sheets with thickness from 0.40 to 1.58 mm, 

found a clear increase in both yield strength and strength with increasing thickness / grain size ratio up to the 

value t/d = 26. However, as in [21], at higher values of t/d there was a slight decrease in strength, while yield 

strength continued to grow. Zhao et al. [4], testing pure copper with grain size 50 μm (around one-fifth of the 

lowest thickness of the specimens tested), revealed almost no effect of specimen thickness on true stress up 

to ultimate tensile strength. For all tested specimens it was evident that t/d > 5 > tc/d and that true stress was 

always under critical specimen thickness tc. At lower thicknesses, and thus also at lower specimen thickness 

/ grain size ratios t/d, surface grains are predominant. This modifies the plastic deformation mechanism and 

stages of strengthening, giving a stronger dependence of yield strength on grain size [12], [26] and [29]. 

2. EXPERIMENTAL PROCEDURES 

All testing was conducted on specimens cut from a rail wheel supplied by Bonatrans, a.s., Bohumín, Czech 

Republic. The chemical composition was determined to be, in weight percent, 0.51 C, 0.74 Mn, 0.30 Si, 0.24 

Cr, 0.16 Ni, 0.04 Mo, 0.003 V, 0.005 N, 0.08 Cu, 0.009 S, 0.012 P, and the balance Fe, which conforms to 

the R7T designation [37]. The steel was heat treated by austenitization at 850°C then water cooling and 

tempering at 520°C. The final microstructure resulting from the heat treatment of the commercially produced 

wheel, in general terms, was a mixture of lamellar pearlite with a small quantity of ferrite. The microstructure 

morphology of the steel with less than 20 % of the area fraction ferrite grains observed using image analysis. 

The ferrite grain size measured by the linear intercept method from optical microscopy micrographs of the 

polished and etched surfaces was approximately 7 μm. The pearlite colony size was Dp = 15 μm. The 

pearlite interlamellar spacing Sp was measured using a line drawn normal to the pearlite lamellae on 

metallography-prepared specimens heavily etched in 3 % Nital and examined in a scanning electron 

microscope. The minimum interlamellar spacing Sp observed in several locations varied from 0.1 to 0.2 μm. 

This value was assumed to be the actual true spacing. 

The specimens for tensile testing were made in two shapes - cylindrical and flat. The specimens were tested 

in 6 sizes of different diameter D0 or different thickness t0, always fulfilling the similarity condition 

 constSL 00 /  (6) 

where L0 is the gauge length, S0 is the cross section area and const = 5.56. Tensile tests were performed at 

a strain rate of 10-4 s-1 on a tensile test machine at room temperature. The obtained stress-strain 

characteristics were described by means of the non-linear Ramberg-Osgood relationship as follows, 

 n
KE

/1
0 )/(/    (7) 
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where σ0/E is the elastic and (σ/K)1/n is the plastic part of the overall strain ε, σ0 and K are parameters, and n 

is the strain hardening exponent. It follows from these results that there is a decreasing dependence of 

ductility A on the specimen cross section area S0, illustrated graphically in Fig. 1a. 

  

Fig. 1 a) Dependence of ductility of cylindrical and flat specimens of R7T steel on cross section area; b) 

Dependence of Weibull stress on actual deformation in cylindrical specimens of R7T steel, 

  

Fig. 2 a) Dependence of Weibull stress on actual deformation in flat specimens of R7T steel; b) Dependence 

of Weibull stress on cross section area in flat specimens of R7T steel 

The dependence of the strain hardening exponent n on the cross section area was investigated for 

cylindrical specimens only. The decreasing trend of the strain hardening exponent with increasing specimen 

size is similar in character to the dependence of ductility on specimen cross section given in Fig. 1a, showing 

the dependence of the strain hardening exponent on specimen size, provides clear evidence that hardening 

processes during loading are much more intensive in smaller specimens. 

a) b) 

a) 
b) 
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The stress deformation behaviour of both flat and cylindrical specimens in all sizes was numerically 

simulated. By applying the finite element method (using Ansys code), the development of the stress field in 

the gauged part of the test specimen was determined. Considering the mesh element as the normalizing 

volume V0, the Weibull stress of the specimen at all times of loading was calculated. 

The dependence of Weibull stress on actual deformation in cylindrical and flat R7T steel specimens for 

different specimen diameters or thicknesses is shown in Figs. 1b and 2a. These images clearly show that up 

to the onset of plastic instability, Weibull stress is almost independent on specimen size; however, beyond 

the point of onset of plastic instability, Weibull stress σw increases with increasing specimen size. The 

increase of Weibull stress with increasing specimen size is more prominent in flat specimens than in 

cylindrical specimens, especially at higher levels of plastic deformation. Fig. 2b shows the dependence of 

Weibull stress on cross section area for four selected deformation values in flat specimens. While this 

dependence is weak at low levels of deformation, for deformation above ε = 0.16 Weibull stress increases 

dramatically with increasing cross section area. 

3. CONCLUSIONS 

Weibull stress has been found to be a tool for the integrated description of the stress field inside tensile test 

specimens. The stress field in the central part of the test specimen undergoes different changes in differently 

sized test specimens; this is the main reason for the different stress deformation characteristics. 

Experimental procedures and numerically analyzed stress-strain fields of tensile test specimens from R7T 

ferritic-pearlitic steel revealed the following: Increasing specimen size is accompanied by decreasing ductility 

and strain hardening exponent. The Weibull stress for a constant strain increases with the increasing size of 

the test specimen. Increasing the shape parameter m, e.g. by narrowing the local strength distribution, 

increases the Weibull stress. The Weibull stress is a convenient parameter for descriptions of the size effect 

of steels in both brittle and ductile regimes. 
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Abstract  

Heterogeneous weld joint 08Ch18N10T - 22K belongs to very important products in nuclear power 

engineering. It is used on weld joint No. 23 of steam generator at WWER 440. Paper deals with comparison 

of two different welding technologies. Purpose of research was to compare these two different methods of its 

production from the point of view of chemical composition, macro and microstructure analyses and 

evaluation of fatigue and fracture behaviour. This article summarizes results of fatigue and fracture 

behaviour testing, namely low - cycle fatigue tests of 22K - I.weld deposit interface and base materials 22K 

at 290 °C, fracture toughness measurements at 290 °C and last part of the article is related to evaluation of 

stress corrosion cracking resistivity using autoclave experiments in water solution at high temperature and 

pressure. 

Keywords: low - cycle fatigue, fracture toughness, stress corrosion cracking 

1. INTRODUCTION 

Three papers which were focused on problems of weld joints No. 23 failure on steam generators in WWER 

440 were presented in the 8th International Seminar on Horizontal Steam Generators OKD GIDROPRESS in 

Podolsk, Russia, 2010 [1-3] . From performed analysis was determined that these are circumferential cracks, 

which are initiated from inner side on 22K - I. weld deposit interface. The mechanism of stable crack growth 

is intercrystalline stress corrosion cracking. Sensitivity of I. weld deposit to intercrystalline corrosion is 

considered as a main cause of initiation and stable crack growth and is associated with formation of new 

phases on the grain boundaries after heat affection [4]. Heterogeneous weld joints for Czech nuclear power 

plants are made in VITKOVICE-company in Czech Republic using different technology than in Russia. So 

that the purpose of all research works was to compare these two technologies on the basis of chemical 

analysis, microstructure and microstructure analysis and using unconventional test methods [5].  

2. MATERIAL AND TESTING TECHNIQUES 

Two weld joints were used for evaluation. These welds consist of base metal, heat - affected zone, I. and II. 

Weld deposit and weld metal. General view to weld joint is shown in (Fig. 1).  

All experiments were performed at temperature 290 °C, which corresponds to the highest temperature on 

cold collector. 

Steam generators are exposed to cyclic plastic deformation during its shutdowns. The response to cyclic 

plastic deformation is possible to describe using low - cycle fatigue tests. The low - cycle fatigue tests of 

interface 22K - I. weld deposit and low - cycle fatigue tests of base material 22K were carried out for this 

purpose and both weld joints were compared on the basis of these tests. 
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Fig. 1 General view to heterogeneous weld joint 22K - 08Ch18N10T 

Because cracks are initiated on the interface 22K - I. weld deposit [1-3], fracture toughness tests using CT 

specimens at 290 °C were necessary for the purpose of fracture behaviour determination. The specimens 

orientation had to keep conditions of crack orientation with crack growth along the interface, how was 

observed in works [1-3]. 

Stress corrosion cracking was determined as a cause of stable crack growth in the works [1-3]. Autoclave 

experiments into water environment at 290 °C were carried out for the purpose of confirming this fact. Water 

solution which was designed according to request of Dukovany nuclear power plant was used for 

comparison. Comparison with fracture toughness measurements results allows to evaluate influence of water 

environment to fracture behaviour of both weld joints. Occurrence of stress corrosion cracking was 

necessary to confirm or disprove with fractographic analysis of stable crack growth areas.  

3. RESULTS AND DISCUSSION 

3.1 Chemical analysis 

Two specimens with dimensions 30x30 mm were taken away from weld metal and base metal of both weld 

joints for the purpose of X-ray analysis of chemical composition. Spills from base metals and weld metals 

were used for carbon and sulphur content analysis. The results of chemical analysis are mentioned in the 

Tables 1 and 2.  

Table 1 Chemical analysis of weld metal (w. m.) and base material 22K (b. m.) of heterogeneous weld joint 

of Czech provenance [wt. %] 

ID C S Mn Si P Cu Ni Cr Mo V 

w.m. 0,053 0,005 1,70 0,43 0,008 0,083 11,89 17,87 2,41 0,24 

b. m. 0,22 0,008 0,88 0,32 0,013 0,085 0,41 0,22 0,10 0,038 

 

ID Ti Nb W Co As Sb Sn Nspills 

w. 

m. 
0,019 0,012 <0,005 0,007 0,008 0,001 0,006 0,057 

b. 

m. 
0,005 <0,003 <0,005 0,006 0,005 0,002 0,005 0,005 

 

22K 

HAZ 

I.w.d. 

 

II.w.d. 

weld 

metal 
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Table 2 Chemical analysis of weld metal (w.m.) and base material 22K (b.m) of heterogeneous weld joint of 

Russian provenance [wt. %] 

ID C S Mn Si P Cu Ni Cr Mo V 

w. m. 0,072 0,008 1,59 0,48 0,012 0,16 11,18 17,34 2,82 0,38 

b. m. 0,23 0,017 0,58 0,27 0,020 0,14 0,23 0,25 0,013 0,040 

 

ID Ti Nb W Co As Sb Sn Nspills 

w. m. 0,018 0,007 0,042 0,031 0,009 0,001 0,002 0,054 

b. m. 0,016 <0,003 0,006 0,016 0,002 0,002 0,038 0,005 

Significantly higher content of sulphur, phosphorus, tin and copper in the case of base material 22K of 

„Russian“ weld joint is evident from these results. 

3.2 Mechanical properties 

Mechanical properties (yield stress and tensile strength) of base material 22K at 290 °C were determined on 

the basis of tensile test [6]. These results are summarized in the Table 3. 

Table 3 Mechanical properties of base materials 22K at 290°C  

Provenance Rp,0,2 [MPa] Rm [MPa] 

VÍTKOVICE 284 515 

Former USSR 221 470 

3.3 Low - cycle fatigue tests of interface 22K - I. weld deposit 

Low - cycle fatigue tests of both welds were carried out in the air at 290 °C. All tests were carried out with 

using cylindrical specimens, 8 mm in diameter. Interface between base material 22K and first layer of weld 

deposit was situated to the middle of length of specimens (Fig. 2). Extensometer of longitudinal strain was 

used to the control of total strain amplitude [7].  

The position of fracture was determined after each test 

and subsequently elastic and plastic strain amplitude was 

compiled for each chosen total strain amplitude. Coffin - 

Manson curves and cyclic stress - strain curves were 

designed on the basis of results and are summarized in 

Fig. 3. 

 Comparison of Coffin - Manson curves have shown that 

both weld joints are practically comparative. From the 

comparison of cyclic stress - strain curves is evident that 

the curve of Russian weld joint is moved 25 MPa towards 

higher values of stress. Fracture positions were in I. weld 

deposits in the case of all specimens except to two 

specimens of former USSR provenance with total strain 

amplitude 1.5 % and 0.8 %. These two specimens were included to the results, because they were in very 

good accordance with the other points of Manson - Coffin curves. 

 

Fig. 2 Orientation of specimens for low - cycle 

fatigue tests 
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Heterogeneous weld, low - cycle fatigue
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 Fig. 3 Low - cycle fatigue test results of interface 22K - I. weld deposit: (a) Manson - Coffin curves and (b) 

cyclic stress - strain curves 

3.4 Fracture toughness measurements 

Precracked compact specimens (CT) with thickness B = 20 mm and width W = 40 mm were used for fracture 

toughness measurement. Specimens were oriented so that cracks grew along the interface I. weld deposit - 

base material (Fig. 4 a)). All tests were carried out in the air at 290°C. The fracture behaviour is 

characterized with stable growth of ductile crack. For description of this behaviour is convenient to use R - 

curves (dependence J vs. a or  vs. a). On the basis of force vs. notch opening values J - integral and 

subsequently stable crack lengths a were measured. R - curves J vs. a were constructed from obtained 

results (Fig. 4 b) ) and subsequently values of J - integral J0,2 which measure the material resistance at 0,2 

mm of total crack growth, including crack tip blunting [8]. The comparison of fracture behaviour of both weld 

joints is shown in Fig. 4 b). The R - curve of Russian weld joint shows large variance. This fact is caused of 

stable crack growth to austenitic I. weld deposit layer in the case of five specimens. The resultant R - curve 

for Russian weld joint was constructed from specimens, where the cracks grew to the base material. 

J0,2 values J0,2 = 147 N.mm-1 for the joint of VITKOVICE provenance and J0,2 = 104 N.mm-1 for the joint of 

former USSR provenance were calculated from constructed R - curves 

3.5 Autoclave experiments 

Autoclave experiments were carried out for the purpose of fracture behaviour determination in water solution. 

For evaluation of stress corrosion cracking resistivity were pre-cracked CT specimens (B = 20 mm, W = 40 

mm) inserted into designed environment and loaded on terms of low rate crosshead movement. All tests 

were carried out into a static autoclave with 11 l of volume at 290°C, rate of movement was 2.10-4 mm.min-1 

Results of autoclave experiments were compared with fracture toughness tests in the air at 290°C.  
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 Fig. 4 Fracture toughness measurement. (a) Orientation of CT specimens, interface 22K - I. weld deposit 

and (b) Jc - a curves  
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Crack opening  was chosen as a parameter of fracture toughness, because measuring of notch opening 

directly was impossible in this case. J -integral values of fracture toughness tests were subsequently 

converted to . This comparison is shown in Fig. 5a). On the basis of Fig. 5a) is possible to note that values 

obtained from autoclave experiments are in quite good agreement with experiments which were carried out 

in the air.  
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 Fig. 5 (a) Comparison  - a curves with autoclave experiments and (b) Micromorphology of stable growth 

crack fracture plane after autoclave experiment.  

Scanning electron microscope JEOL was used for evaluation of stable crack mechanism. Detail 

microfractographic observations proved transcrystalline ductile fracture in all specimens of both technologies 

(Fig. 5b) ). So that resistivity against stress corrosion cracking in the observed environment is confirmed 

from obtained results of autoclave experiments. 

4. CONCLUSIONS 

1) On the basic of chemical analysis is necessary to note that the base material 22K used to Russian 

weld joint is characteristic with increased content of sulphur, phosphorus, tin and copper. 

2) Low - cycle fatigue experiments of interface 22K - I. weld deposit layer at 290°C proved only insignificant 

differences between both weld joints. Values of cyclic stress - strain curves are in the case of 

„Russian“ weld joint moved 25 MPa towards higher values. 

3) R - curves were designed and subsequently values of J - integral J0,2 was determined from fracture 

toughness measurements at 290°C. This value is higher in the case of Czech (VITKOVICE) weld joint. 

Quite large variance of results due to different areas of stable crack growth was observed in the case 

of Russian weld joint. 

4) On the basis of autoclave experiments and subsequent fractographic analysis is definitely possible to 

conclude, that both weld joints are resistant against stress corrosion cracking in observed 

environment. Stable crack growth areas were characteristic only by appearance of transcrystalline 

ductile fracture. 
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Abstract  

Oxide scale growth and its removal from steel surface during heat treatment of steel is a complex and 

exacting process requiring a lot of information and analyses. Therefore many methods and approaches were 

developed to solve it. In order to improve the final quality of the surfaces after descaling it is necessary to 

pay attention to all aspects related to descaling. The basic aspects include scale growth, properties and 

behavior, parameters affecting its removal. This paper is focused on the study of fracture toughness of oxide 

scales. Study of fracture toughness is fundamental for understanding the behavior of oxide scales. For the 

analysis of fracture toughness Small Punch Testing was used. Small Punch Tests are generally used in 

energy industry, when it is necessary to determine the mechanical properties of the material that has been 

exposed to environmental influences or load without significant damage of the device. The typical result of 

the Small Punch tests is force vs. displacement curve. Out of this curve it is also possible to evaluate the 

fracture toughness using several methods. Experimental measurements of mechanical properties of oxide 

scales were based on two types of steel. The first type represents the structural steel, the second type of 

steel is characterized by higher silicon content. For both materials the specimens with oxide scales layer 

were prepared. The Small Punch Tests were carried out and force vs. displacement curve was obtained. Out 

of these curves the fracture toughness of each material was evaluated.  

Keywords: oxide scales, Small Punch Test, fracture toughness, force-displacement curve 

1. INTRODUCTION 

A measurement of fracture toughness is described in all known national and international standards from 

ASTM to ISO. All standards described the type of experimental devices, shape of the experimental 

specimens and measurements process of fracture characteristics. The basic fracture characteristics are K IC, 

JIC, CTOD (crack tip opening displacement). A fracture toughness experiments are focused on the 

measurement of the resistance of a material to crack extension. Experimental measurements of fracture 

toughness bring a single value of fracture toughness (KIC, JIC, CTOD) or a resistance curve. All fracture 

characteristics are depicted against crack extension [1]. 

In this paper small punch tests (SPT) were used for estimation of the fracture toughness characteristics of 

the specimens with oxide scale layers. The SPT method is considered as non-destructive test. The specimen 

for this test is typical by small dimensions and it is possible to obtain the specimen without significant 

destruction of the examined component. The SPT can be applied in two experimental cases. The first case is 

characterized by punching the specimen at deflection rate. The typical results of this first case are force - 

displacement curves. This case of SPT is equivalent to standard tensile tests. Test at constant deflection 

rate is referred to as SPT-CDR [2]. The second experimental case is defined by punching at constant force 

CF-SPT. The results of this test are deflection in time. This type of experiments is used as the creep test [2].  

This paper is focused on the study of fracture toughness of two types of material with defined oxide scale 

layer based on the small punch tests results. An integral part of all steel production is the formation of oxide 

scales in a variety of morphological and chemical conditions. All modifications have been sorted into three 

basic groups, depending on the phase of manufacturing process. In the first phase primary scales are 

formed, in the second phase secondary scales grow and in the final phase of manufacturing process tertiary 

mailto:hrabovsky@fme.vutbr.cz
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scales grow. Heat treatment of steel leads to growth of oxide scales in the three types of chemical 

compounds: wüstit (FeO), magnetite (Fe3O4) and hematite (Fe2O3). These chemical compounds of iron and 

oxygen are present in different amounts in all types of scales (primary, secondary and tertiary). The growth 

of each layer has followed the LeChatelier principle. The inner layer is wüstit, middle layer consists of 

magnetite and top layer is created from hematite [3].  

2. EXPERIMENTAL APPROACH 

Experimental approach that has been used in this paper can be sorted into three basic groups. The first 

group is characteristic by preparation process of specimens and its use. The second group is focused on SP 

testing. The last group is devoted to the evaluation and analysis of the results.  

2.1 Experimental procedures and material selection 

The fundamental goal of experimental procedures was to identify and study mechanical behavior of the base 

material with oxide scale layer. Two types of steel were used to experimental measurements. The first type 

of steel was structural steel (type A). The second type of steel was characterized by higher content of silicon 

(type B). The reason for choosing these two different types of steel is its characteristic. The structural steel is 

characterized by a rapid growth of oxide scales and its relatively simple removing. The silicon steel is typical 

by slower growth of oxide scale layers but also by creating stronger bounds with base material which 

complicates its removing. The chemical composition of material A and material B is presented in Table 1.  

Table 8 Chemical composition of the specimens 

Specimen C (%) Mn (%) Si (%) P (%) S (%) Cr (%) Cu (%) Sn (%)

A 0.035 0.290 0.005 0.006 0.009 0.028 0.130 0.010

B 0.010 0.240 1.140 0.006 0.011 0.050 0.030 0.010  

The specimens used for SPT measurements were prepared in several phases. In the first phase the 

specimens of each material were inserted into the electrical furnace at temperature 1000 °C during defined 

time interval. The atmosphere inside furnace was not controlled. For material type A five specimens were 

prepared. The specimen type A was composed from base material and oxide scale layers. For material B 

similar specimens as for material type A were prepared. Thus prepared specimens were used for SPT 

measurements. The SPT measurements were carried out at elevated temperature (600 °C - 880 °C) for all 

prepared specimens. Temperature during the tests was maintained constant within ± 0.5 °C. Deflection rate 

at measurement was set up to 0.006 mm/s. This deflection rate corresponds with movement of the upper 

frame of measuring apparatus. SPT measurements were carried out on the experimental apparatus 

construction by IPM ASCR Brno (see Fig. 1). As the results of SPT measurements the force-displacement 

curves were obtained for all prepared specimens at defined temperatures. The measured curves for each 

specimen are depicted in Fig. 2. Shape of the specimens after SPT measurements are presented in Fig. 3.    
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Fig. 8 SP experimental apparatus outside view (left), inside view (right)  

  Specimens type A  Specimens type B  

  

Fig. 9 Results of the SP measurements 

Specimens type A  
600°C 700°C 800°C 874°C 

    
Specimens type B  

600°C 700°C 800°C 870°C 

    

Fig. 10 Shape of the studied specimens after SP tests 

3. RESULTS EVALUATION 

In this paper analysis of the fracture characteristics obtained from the measured force - displacement curves 

is based on the empirical equations presented in literature. The aim of this analysis was to estimate the basic 

fracture characteristics of the measured specimens. Evaluation of the fracture characteristics was carried out 

in next steps. In the first step fracture energy from area under measured force - displacement curves was 

evaluated. Evaluation of the area under measured curves can be carried out based on the several 
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assumptions. As the first assumption the whole area under force - displacement curve is considered that 

defines the force needed to final fracture of the specimen [2]. Another possibility of the fracture energy 

evaluation is consideration the area under the curve to the value 0.8*Fm [2]. This value approximately 

corresponds with point where the rapture of the specimen occurs. The last evaluation possibility of the 

fracture energy is to consider the area under force - displacement curve to the value Fm [2]. This value is 

reached at maximum force during SPT measuring. All 

described possibilities of the fracture energy evaluation are 

depicted in Fig. 4. To evaluate the fracture energy of the 

specimens type A and type B the third mentioned method was 

used. For all specimens the evaluation of the fracture energy 

from the measured curves was performed in MATLAB. The 

evaluation method consisted of calculating the definite integral 

of the measured curve with lower boundary corresponding to 

beginning of the measurement and upper boundary 

corresponding with maximum force Fm. The calculations of the 

definite integrals which correspond with the fracture surface of 

all described possibilities are shown in Fig. 4. Evaluated 

fracture energy for all measured specimens depending on the 

temperature is presented in Fig. 5.   

In the next step of the fracture characteristics analysis existing 

theories describing the specimens rapture process at SPT 

measurements were used. A lot of authors focused on the 

issue of fracture characteristics evaluation based on the SPT 

measurements. The most famous authors which were also referenced in this paper are X. Mao at al. or J. H. 

Bulloch. According to the basic theory during SPT in a specimen of biaxial stress and strain occur [4], [5]. 

Mao at al. presented process of the fracture strain (ɛqf) from force - displacement curves evaluation 

according to equation (1) [4]. J. H. Bulloch presented several empirical equations for the studied materials, 

he defined the critical biaxial strain (ɛc) based on the fracture energy evaluated from force - displacement 

curve. One of this is presented below equation (2) [5]. The results of the critical strain values according to 

defined equations for all measured specimens are presented in Fig. 13. In this paper linear relationships 

between fracture energy and fracture strain were also evaluated as performed by J. H. Bulloch (see Fig. 6).  

 
(1) 

 
(3) 

 

(2) 

 

(4) 

  
 

(5) 

The final step in the fracture characteristic analysis based on the SPT measurements was to evaluate the 

fracture toughness. The fracture toughness can be defined as material resistance to crack initialization and 

growth. The fracture toughness can be defined by single value of the parameter KIC, ᵹc or JIC. Authors 

dealing with the evaluation of fracture toughness from SPT measurements defined the conversion between 

results of the measured data and fracture toughness value JIC. The basic difference between JIC and KIC is 

that the parameter JIC covers the elastic - plastic behavior around the crack and KIC covers only elastic 

behavior. Mao at al. [4] presented the equation for estimation of the fracture toughness JIC based on the 

critical strain ɛc, as described in previous section (equation (3)). Other authors Suzuki et al. equation (4) [6] 

Fig. 11 Evaluation methods of the 

fracture energy 
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or Lee at al. equation (5) [6] defined his empirical equations of fracture toughness evaluation from SPT 

measurements. The empirical equations presented by the referenced authors were applied to the measured 

specimens. The evaluated results are depicted in Fig. 7.  

Specimens type A Specimens type B 

  

Fig. 12 Evaluation of the fracture energy ESPT 

Specimens type A Specimens type B 

  

Fig. 13 Evaluation of the critical strain vs. fracture energy  

Specimens type A Specimens type B 

  

Fig. 14 Evaluation of the fracture toughness JIC  
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Specimens type A Specimens type B 

  

Fig. 15 Evaluation of the fracture toughness vs. fracture energy  

4. CONCLUSION 

Evaluations of the fracture toughness and fracture characteristics were based on experimental results 

obtained from small punch tests and empirical equations from literature. Significant fracture characteristics 

as critical strain (rapture of the specimen occurs) and fracture toughness JIC were evaluated for studied types 

of materials. In the first step the fracture energies obtained from integration of the force - displacement 

curves were evaluated. The values of the fracture energy depending on the temperature with exponential 

trend line with 90 % reliability were presented. Based on the fracture energy the critical strain and fracture 

toughness were evaluated. Evaluation of the critical strain and fracture toughness depending on the fracture 

energy confirmed linear relationship. The linear relationship was presented by referenced authors. Fracture 

toughness JIC depending on the temperature was evaluated according three empirical equations defined by 

three referenced authors. This evaluation is compared and presented. The comparison of the results shows 

that for material A the fracture toughness evaluating according to Mao at al. and Lee et al. reached negative 

values, which is not realistic. These results confirm that it is not possible to use empirical equations without 

their verification. To check the validity of applied equations for studied materials numerical analysis for 

correlation of the parameters of the used equations should be carried out, or experimental measurements of 

other fracture characteristics should be performed.    
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Abstract 

The sharpness of the final Goss texture in GOES is significantly affected by structural inheritance during the 

manufacturing process. This paper deals with results of detailed microstructural investigations on strips of 

GOES after the first two steps of the production process: hot rolling and cold rolling + decarburization 

annealing. Microstructural characterization of samples was carried out using light metallography, scanning 

electron microscopy combined with electron backscattered diffraction (EBSD) and transmission electron 

microscopy. The attention has been paid to texture evaluation and minor phase evolution. In the hot rolled 

state the ferrite grain size reached several tens of micrometres, some grains with the orientation close to the 

Goss orientation were scattered across the thickness of the strips. Cold rolling + decarburization annealing 

resulted in a significant refinement of ferritic grains across the strip thickness. EBSD results manifested the 

effect of structural inheritance during cold rolling. Intensive precipitation processes took place during 

decarburization annealing. Most precipitates were nitrides (mainly AlN). A small addition of copper in the 

GOES investigated affected stability and distribution of sulphides during processing of strips. The typical size 

of AlN particles was several tens of nanometres. 

Keywords: GOES, precipitation processes, texture, EBSD 

1. INTRODUCTION 

Magnetic properties (easy magnetisation, low hysteresis loss and low eddy current loss) of grain oriented 

electrical steel (GOES) depend strongly on the sharpness of the Goss texture (110001). It is agreed that 

the perfection of the final texture is significantly affected by structural inheritance during a complex 

processing procedure of GOES 1. It has been proved that the desired 110 001 orientation first appears 

during the initial hot rolling as a friction induced shear texture at and near the surface. It is believed that Goss 

orientated grains are not completely lost during cold rolling - they can partly survive in transition bands 

separating the 112110 + 111110 texture components formed during cold rolling 1,2. The 

necessary conditions for the growth of grains with the Goss orientation are provided by microstructural 

control. Particles of inhibition phases (MnS or AlN, depending on a processing route) keep the ferrite grain 

size small during the early stages of the final high temperature annealing. Coarsening and dissolution of 

these particles makes the secondary recrystallization possible and the desired Goss-orientated grains grow 

and dominate the microstructure. Furthermore, abnormal grain growth is also promoted by the presence of a 

sharp texture 1. It has been suggested that the strong 110001 texture develops from near-surface 

recrystallized grains and although the final high temperature annealing is a critical factor in the processing, 

there is still no generally accepted explanation of the scientific basis of this phenomenon. Factors that are 

considered to be important include the size of the initial Goss grains, their orientation with respect to the 

other grains and the role of particles of inhibition phases during processing 3. Experimental studies are 

complicated by the fact that one grain in the final microstructure consumed about a million initial grains 

during its growth 4.  
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This paper deals with results of detailed microstructural investigations on three strips of GOES after the first 

two steps of the production process: hot rolling and cold rolling + decarburization annealing. 

2. EXPERIMENTAL MATERIALS AND PROCEDURES 

Chemical compositions of three hot rolled coils, manufactured by different steelmaking and hot rolling 

procedures, are shown in Table 1. All coils correspond to an AlN + Cu production variant, where the first cold 

rolling is followed by the decarburization annealing, then the second cold rolling is applied and finally the 

high temperature annealing creates the desired Goss texture 3.  

Table 1 Chemical compositions of hot rolled coils, wt.% 

Sample C Mn Si S Cu Altot. N2 Ti+V+Nb 

A 0.033 0.24 3.21 0.006 0.50 0.014 0.010 0.005 

B 0.03 0.25 3.16 0.004 0.50 0.014 0.009 0.008 

C 0.033 0.25 3.11 0.006 0.49 0.015 0.013 0.005 

The thickness of hot rolled strips A, B and C was 2.30, 2.50 and 2.50 mm, respectively. After pickling cold 

rolling to mid-thickness of 0.6 - 0.65 mm was applied and it was followed by decarburization annealing at 

temperatures of 820 - 840 °C in the atmosphere containing 15 - 20 %H2. Carbon contents of strips after 

decarburization annealing were about 0.003 wt.%. Samples for microstructural investigations were taken 

from similar positions in strips. Cross sections parallel to the rolling direction (RD) and sections parallel to the 

strip surface (10 and 50 % under the surface) were studied. Microstructural characterization of samples was 

carried out using light metallography, scanning electron microscopy combined with electron backscattered 

diffraction (EBSD) and transmission electron microscopy (TEM). The attention has been paid to texture 

evaluation and minor phase evolution across the thickness of strips. The software OIM DC and OIM Analysis 

(both EDAX/TSL, version 6.1.3) were used for indexing of Kikuchi diffraction patterns and for the evaluation 

of the orientation data. Grain size was evaluated using EBSD data. Precipitation processes were studied on 

carbon extraction replicas in TEM. Electron diffraction and EDX techniques were applied for identification of 

minor phases. 

3. RESULTS 

3.1 EBSD studies 

Hot rolling of GOES slabs is carried out in two phase  +  region. Trans-crystallization processes      

affect the deformation texture and redistribution of solutes between coexisting phases results in 

heterogeneity of precipitation processes during next steps of GOES processing. Fig. 1a shows that 

microstructure after hot rolling was mostly recrystallized non-recrystallized grains (misorientation inside 

grains greater than 2°) were found mainly in the middle of the strip thickness. A map of IPF in Fig. 1b shows 

that microstructure consists of ferritic grains which are usually slightly elongated in the rolling direction. Fig. 

1c shows grains exhibiting a deviation from the Goss orientation less than 15°. A small number of these 

grains was scattered across the whole thickness of strips investigated. Thin bands of ferritic grains in hot 

rolled strips probably correspond to areas which were austenitic during hot rolling. 

Results of grain size evaluation across the thickness (upper, middle and bottom positions) of strips are 

summarised in Table 2. In all hot rolled specimens the average grain size in the middle thickness was larger 

than that under upper and bottom surfaces. Differences in the grain size among strips reached up to 30 %.  
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Table 2 Results of the grain size evaluation using EBSD data, µm 

Sample Hot rolled Cold rolled + Decarburized 

upper middle bottom upper middle bottom 

A 36.224.8 41.032.8 32.426.2 9.44.6 10.55.5 9.54.4 

B 29.719.1 35.922.4 26.518.7 9.75.2 11.57.8 9.44.5 

C 24.714.0 32.729.7 24.413.9 11.86.2 12.33.1 11.15.5 

Note: Average diameter  standard deviation 

                   

            a.                           b.                             c.  

 d. 

Fig. 1 A section through the strip thickness parallel to the rolling direction, sample A1, a. recrystallized and 

deformed (red) fractions of microstructure, b. IPF map for RD, c. grains close to the Goss orientation + high 

angle boundaries (  15°) in image quality (IQ) map, d. the legend for Fig. 1c 

Figs. 2a and 2b show the 100 pole Figs.  for the hot rolled state (sample A1) and for the cold rolling + 

decarburization annealing (sample A2), respectively. It is known that the rolling texture of low carbon steels 
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is largely independent of composition and processing variables and even such major microstructural 

inhomogeneities as shear bands have a little effect 1. Deformation textures in Figs. 2a and 2b are similar. 

It manifests the effect of structural inheritance during cold rolling of GOES.   

Fig. 3a shows IPF map for the RD in sample A2 after cold rolling + decarburization annealing. Grains are 

very fine, differences in the grain size under both surfaces and in the middle of the thickness are small. 

Results of the grain size evaluation in samples after cold rolling + decarburization annealing are summarised 

in Table 2. All samples exhibit very similar grain size across the thickness. Also differences among the strips 

investigated are negligible, Table 2.  

 
                   a.                                     b.    

 Fig. 2 The 100 pole Figs.  for: a. sample A1, hot rolled state, b. sample A2, cold rolled + decarburization 
annealed state 

       
a.                                         b. 

c.                                                  
Fig. 3 A section through the strip thickness parallel to the rolling direction, sample A2, a. IPF map for RD, b. 

grains close to the Goss orientation + high angle boundaries (  15°) in IQ map, c. the legend for Fig. 3b 
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Fig. 3b shows grains exhibiting a deviation from the Goss orientation less than 15°. These grains are 

scattered across the whole thickness of the strip, some of them have a very small deviation from the exact 

Goss orientation, see Fig. 3c. 

3.2 TEM investigations  

Interactions of minor phase particles with defects of crystal lattice affect recovery and recrystallisation 

processes during the production of GOES. In the case of the AlN + Cu variant, AlN is regarded as the most 

important inhibition phase 3. The role of a 0.5 wt.% Cu addition to GOES has not been fully understood yet. 

The following mechanisms have been proposed: 

 precipitation of -Cu - not conclusively proved yet, 

 dissolution and re-precipitation of copper sulphides or complex sulphides of manganese and copper, 

 segregation of copper at grain boundaries. 

Ferrite grain boundaries in hot rolled strips were decorated by fine films of iron-rich carbide, cementite, see 

Figs. 4a and 4b. Precipitation of cementite took place during cooling of coils. Inside ferritic grains a very low 

number density of particles was observed. The following minor phases were identified: TiX, where X can be 

N and/or C, sulphides of manganese and complex sulphides of manganese and copper, rod-like AlN 

particles. The size of these precipitates reached up to several hundreds of nanometres. Copper additions in 

strips investigated affected significantly stability of sulphides. Solution temperature of MnS is about 1300°C, 

but copper sulphides dissolve at temperatures close to 950 °C 3. Solubility limits of complex sulphides of 

manganese and copper lie between the above temperatures. Based on solubility limits of AlN phase in Fe - 3 

wt.%Si steels at the soaking temperature all aluminium should be in solid solution 3. However, at the finish 

rolling temperature and during cooling of strips a part of aluminium could precipitate in the form of AlN 

particles.  

      
a.                                        b. 

 Fig. 4 Precipitation in sample A1, a. cementite particles at the grain boundary, b. EDX spectrum of 

cementite 

Typical examples of precipitation in the strip A after cold rolling + decarburization annealing are shown in 

Figs. 5a and 5b. Grain boundaries are decorated by a network of coarser particles. Two nitrogen-bearing 

minor phases were identified along grain boundaries: Si3N4 and AlN. In GOES Si3N4 nitride represents a 

metastable phase which is in the temperature interval of ca 700 - 900 °C gradually replaced by AlN phase 

3. A high number density of fine AlN particles was observed inside ferritic grains, see Fig. 5b. The typical 

size of intragranular AlN particles reached several tens of nanometres. Intragranular precipitation was 
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inhomogeneous. This variability is probably the consequence of hot rolling in two phase region where some 

enrichment of austenite in austenite-forming elements (C, N, Al, Cu) takes place.  

Apart from nitrides, sulphide particles were detected in strips investigated after decarburization annealing. 

Based on the EDX results, sulphides can be classified as sulphides of manganese, complex sulphides of 

manganese and copper, sulphides of copper. The size of sulphides was in the interval from several tens to 

several hundreds of nanometres. Heterogeneous nucleation of AlN particles on the surface of sulphides was 

often observed. The lowest fraction of precipitates was found in the strip C. It can be related to the fact that 

its temperature of decarburization annealing was about 20 °C lower than that of the strips A and B. 

    

a.                                    b. 

 Fig. 5 Precipitation reactions in sample A2, a. AlN and Si3N4 precipitates at grain boundaries and intensive 

intragranular precipitation of AlN, b. the detail of intragranular precipitation of AlN 

4. CONCLUSIONS 

 Microstructure of hot rolled strips consisted of ferritic grains which were slightly elongated in the rolling 

direction. A small fraction of structure was not fully recrystallized. The average grain size in all strips 

reached several tens of micrometres. 

 Grain boundaries in hot rolled strips were decorated by thin films of cementite, which formed during 

cooling of coils. Inside ferritic grains a small number density of TiX, complex sulphides of manganese 

and copper and rod-like AlN particles was found.  

 Cold rolling + decarburization annealing resulted in a pronounced refinement of the ferrite grain size 

across the thickness of strips. After decarburization annealing the grain size was almost identical in all 

strips investigated. 

 During decarburization annealing an intensive precipitation of Si3N4 and AlN particles took place. Apart 

from nitrides, sulphide particles with a variable ratio of Mn and Cu precipitated from the ferritic matrix. 

Intensity of precipitation processes in strips investigated was affected by the temperature of 

decarburization annealing. The typical size of AlN particles, which formed most precipitates, reached 

several tens of nanometres. Such particles are very effective in inhibiting grain growth at the beginning 

of the final high temperature annealing of GOES. 
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Abstract  

Differential thermal analysis (DTA) and Differential Scanning Calorimetry (DSC) are two of the methods that 

are suitable for obtaining thermo-physical and thermo-dynamical data. This paper deals with the influence of 

the experimental conditions settings of the used DTA and DSC methods in relation to the obtained data. The 

paper is focused on the study of heating/cooling rate and mass influence of the sample on shifting of the 

phase transformations temperatures and size of the thermal effects of alpha-gamma, gamma-delta phase 

transformations and melting of “pure Fe”. Sample mass and heating/cooling rate belong to the frequently and 

easily changing parameters and their influence on the obtained data is substantial. The study was aimed 

both at low temperature and high temperature regions. DTA measurements were realised using the Setaram 

Setsys 18TM laboratory system, and DSC measurements using the Setaram MHTC laboratory system. The 

samples of “pure Fe” (with different mass) were analysed at several controlled heating/cooling rates. On the 

basis of adjusted experimental conditions (different heating/cooling rates and different masses of samples), 

the experimental data set was obtained and corresponding dependences were derived. Using the 

corresponding dependences the corrections can be applied to minimise the influence of experimental 

conditions on studied data for investigated alloys (samples). Application of derived dependences can 

substantially contribute to lowering (minimising) of the experimental conditions influence and enables an 

extrapolation to the so called “zero” mass and “zero” heating rate. 

Keywords: DTA, DSC, experimental conditions, heating/cooling rate, sample mass  

1. INTRODUCTION  

Thermo-physical and thermo-dynamical properties of Fe based metallic systems are still a subject of 

extensive research. In spite of that the number of experimental data about these systems is still insufficient. 

Important data are for example temperatures [1] and latent heats of phase transformations [2], specific heat 

[3, 4], surface tensions [5] and others. Although it is possible to find in available literature the values of some 

of the above physical quantities, differences exist even between the available data. These differences may 

be caused also instead of others, by use of different experimental conditions of measurements at one 

method. The paper deals with possibilities of elimination of some influences at experiments.  

Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) are methods suitable for 

obtaining of thermo-physical data about metallic systems. These methods make it possible to obtain some 

thermo-dynamical and thermo-physical data, such as temperatures and latent heats of phase 

transformations. Using the DSC method it is possible to measure heat capacities and their variation with 

temperature as well. Experimental conditions may have a substantial influence on thermo-dynamical and 

thermo-physical data obtained by these methods. It is possible to include among experimental conditions for 

example temperature mode (heating x cooling), rate of heating/cooling, mass of the analysed sample, type 

and purity of atmosphere surrounding the sample during analysis, reference sample, kind of crucible. 

Mass of the sample and heating rate are the most frequently changing experimental conditions. The heating 

rate and mass of the sample should be chosen with regard to the specific behaviour of the sample during the 
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thermal analysis. It is necessary to take into account namely the possible change of the chemical 

composition during the analysis [3, 6] and the shape of the DTA curves (size and position of the peaks) [7]. 

This paper is focused on investigation of influence of the mass of analysed samples and of the heating rate 

on shifting on the phase transformation temperatures and thermal effects size of phase transformation of iron 

sample, obtained by the DTA and DSC methods. 

2. THERMAL ANALYSIS 

Differential thermal analysis and Differential Scanning Calorimetry are dynamic thermal analytical methods 

used for investigation of temperature effects of investigated sample connected with its physical, chemical or 

physical-chemical changes during its continuous linear heating or cooling [8]. DTA method is used for 

measurement of temperature differences between the investigated and reference sample, DSC method is 

used for measurement of heat flow differences between the investigated and reference sample. Temperature 

of the reference sample follows the selected temperature program, temperature of the investigated sample is 

subject to changes, which reflect physical and chemical transformations occurring in the sample. These 

methods makes it possible to express all physical, chemical or physical-chemical changes that are 

accompanied by sufficiently big change of enthalpy [9]. 

3. EXPERIMENT 

3.1 Material  

Samples of iron were made from powder iron with purity of 98 wt. % Fe. Tablets were pressed from powder 

iron. The tablets were then plasma re-melted. Iron was during plasma melting also repeatedly purified. 

Chemical composition of the analysed iron is given in Table 1. Samples for the analysis were prepared in the 

form of cylinders with diameter of 3.5 mm (DTA) and with diameter 5mm (DSC). Mass of cylinders was 

approximately 82, 153, 219, 318, 459 mg (DTA) and 379, 612, 1071, 1695, 2353 mg (DSC). The samples 

were prior to the thermal analysis ground off and cleaned in acetone with use of ultrasound. 

Table 1 Chemical composition of the analysed iron in wt. % 

Sample (S) C Si Mn P S Cr Ni Mo Co V W O Fe 

Fe (DTA) 0.015 0.005 0.042 0.002 0.006 0.004 0.015 0.010 0.011 0.022 0.011 0.110 99.90 

Fe (DSC) 0.006 0.017 0.081 0.005 0.008 0.004 0.020 <0.002 0.013 0.041 <0.010 0.015 99.80 

3.2 Experimental equipments 

Laboratory system for thermal analysis Setaram Setsys 18TM, measuring rod DTA and thermocouple of the 

type „S“ (Pt/PtRh 10 %) were used for obtaining of temperatures and thermal effects of phase 

transformations. The thermocouple was ended by three thermocouple connections, which are located below 

the bottom of the measuring crucible. The samples were analysed in corundum crucibles with volume of 100 

µl. An empty corundum crucible served as a reference sample. Dynamic atmosphere of Ar (purity>6N) was 

maintained in the furnace during the analysis in order to protect the sample against oxidation. Each sample 

was analysed at the controlled rates of heating: 1, 2, 5, 10 and 20 K/min. 

Laboratory system for thermal analysis Setaram MHTC 96, measuring rod 3D DSC and thermocouple of the 

type „B“ (PtRh 6 %/ PtRh 30 %) were used for obtaining of temperatures and thermal effects of phase 

transformations. The thermocouple consists of 20 thermocouple connections, which surround the crucible 

walls (3D DSC sensor). The samples were analysed in corundum sleeves inserted into platinum crucibles 

with volume of 400 µl. An empty platinum crucible with corundum sleeve served as a reference sample. 

Dynamic atmosphere of He (purity 6N) was maintained in the furnace during analysis in order to protect the 
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sample against oxidation. Each sample was analysed at the controlled rates of heating: 2, 3, 5, 7 and 

10 K/min. Altogether 25 measurements were thus performed on each device. 

4. RESULTS AND DISCUSSION 

Temperatures and thermal effects of alpha-gamma 

and gamma-delta phase transformations and 

melting were obtained on the basis of evaluation of 

DTA and DSC curves. It is possible to determine 

from the DTA and DSC curves of Fe plasma 

(heating) the Curie point temperatures (TC), the start 

of the transformation α → γ (Tα → γ, s), the end of the 

transformation α → γ (Tα → γ, e), the start of the 

transformation γ → δ (Tγ → δ, s), the end of the 

transformation γ → δ (Tγ → δ, e), solidus (TS) and 

liquidus (TL), as well as thermal effects of individual 

phase transformations. Fig. 1 shows a DSC curve 

with marked temperatures and thermal effects of 

phase transformations.  

For each obtained temperature and thermal effect a table was compiled containing the resulting values from 

all 25 measurements (for each method separately). Due to the large amount of data it is impossible to 

present all the obtained temperatures and thermal effects (contained in 20 tables). Table 2 presents for 

clarity the liquidus temperatures obtained by the DSC method. The obtained data will be described in the 

text. Average values of the determined temperatures are given in Table 3, those of thermal effects in 

Table 4. 

Table 2 Experimentally obtained liquidus temperatures (3D DSC) in °C 

Heating rate 
Sample mass 

379.75 mg 612.58 mg 1071.61 mg 1695.21 mg 2353.65 mg 

2 K/min 1542.5 1543.9 1544.5 1545.4 1546.7 

3 K/min 1545.1 1546.0 1547.2 1547.6 1549.1 

5 K/min 1548.4 1549.8 1551.3 1551.9 1553.0 

7 K/min 1551.0 1552.6 1554.3 1555.5 1556.6 

10 K/min 1553.9 1556.4 1558.7 1560.5 1561.3 

 
 

Table 3 Average value of phase transformation 

temperatures in °C Table 4 Average values of thermal effects in μV.s 
 

 DTA 3D DSC 

TC 770.4 772.6 

Tα→γ,s  917.5 917.9 

Tα→γ,e 926.0 922.4 

Tγ→δ,s 1391.6 1393.0 

Tγ→δ,e 1396.1 1398.0 

TS 1525.4 1533.6 

TL 1542.2 1550.9 

 

 DTA 3D DSC 

α→γ 1246.951 4832.3 

γ→δ 700.524 4562.8 

Melting 10592.19 69090.1 

 

 

Fig. 1 DSC curve 
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4.1 Influence of the mass of the sample on shifting of temperatures  

The mass of the sample affects the temperature of the Curie point and the liquidus temperature both in the 

DTA and DSC methods. With the increasing mass of the sample the Curie point temperature and liquidus 

temperature shift to the higher values. The mass has greater influence on shift of the liquidus temperature 

than on the temperature of the Curie point. The Curie point temperature shifts with the increasing mass of 

the sample at maximum by 2.3°C (DSC 3D), or by 2.4°C (DTA), while the liquidus temperature shifts in 

dependence on the increasing mass even by 7.4°C (DSC 3D), or by 7.9°C (DTA). A slight shift of 

temperatures with the increasing mass was observed also at the temperatures of the end of γ → δ 

transformation. The trend of the temperature shift was, however, irregular and it was observed at the 

temperature determined by the DSC method only at higher heating rates (> 5°C/min). 

The shift to higher temperatures with the increasing mass can be explained by the fact that the larger sample 

requires more heat for the phase transformation, and that the phase transformation takes place over a longer 

period of time (i.e. that phase transformation of the larger sample will be terminated at higher temperature). 

The mass of the sample does not have substantial influence on shifting of temperatures of the starts of 

transformations (corresponding to the temperatures of starts of the peaks). No trend in the temperature shift 

was observed in dependence on the increasing mass of the sample. The differences between the values 

may be caused by the difficult identification of the temperatures of starts of peaks on the DTA and DSC 

curves. Temperatures of the starts of peaks can be determined with certainty only in certain temperature 

range (of the order of centigrades). 

4.2 Influence of heating rate on shifting of temperatures  

Heating rate of the samples affects all temperatures of phase transformations obtained by the DSC method. 

A shift to the higher temperatures occurs with the increasing heating rate. Influence of the heating rate is 

more significant at the temperatures corresponding to the tops of the peaks (Tα → γ, e, Tγ → δ, e, TL) than at 

temperatures the corresponding to the temperature of starts of the peaks (Tα → γ, s, Tγ → δ, s, TS). The greater 

the thermal effect of phase transformation, the greater the effect of the heating rate on the temperature shift. 

It follows from the above that the heating rate has the greatest influence on shift of the liquidus temperature. 

In the DTA method, the influence of the heating rate shows at the temperatures corresponding to the tops of 

the peaks. The temperatures are shifted with the increasing heating rate to the higher values, similarly as in 

the case of the DSC method. 

The shift of temperatures to higher values with the increasing rate can be explained in both methods by 

dynamics of the process and by detection capabilities of instruments. 

In the temperatures corresponding to the temperatures of starts of the peaks no trend was observed in the 

shift of temperatures in dependence on the heating rate. This may again be caused by the difficult 

identification of the temperatures of starts of the peaks. 

Table 5 summarises, which of the experimental conditions influences the given temperature (SM-sample 

mass, HR-heating rate, N-not influenced). On the basis of the observed influences graphs of dependences 

were plotted for individual temperatures on the basis of the mass of the sample and the heating rate. The 

dependence of shift of the obtained temperatures on the mass of the sample is in all cases linear. The 

dependence of the obtained Curie point temperature on the heating rate is also linear. The dependence on 

the heating rate for the temperatures of the end of γ → δ transformation and for the liquidus temperatures is 

expressed as a polynomial of the 2nd order. It is not easy to determine clearly for other temperatures whether 

the dependence is linear or polynomial. For this reason, the values were smoothed both by linear and 

polynomial dependence. Both dependences showed very close reliability value R2, and the resulting 

temperatures obtained by extrapolation to the "zero" heating rate by individual dependences are also very 

close (the maximum difference is 0.6°C). 
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Table 5 Summary of influence of experimental 

conditions on the obtained temperatures 

Table 6 Average value of phase transformation 

temperatures after correction in °C 
 

 DTA 3D DSC 

TC SM, HR SM, HR 

Tα→γ,s  N HR 

Tα→γ,e HR HR 

Tγ→δ,s N HR 

Tγ→δ,e SM, HR HR 

TS N HR 

TL SM, HR SM, HR 

 

 DTA 3D DSC 

TC 768.3 767.7 

Tα→γ,s  917.5 914.2 

Tα→γ,e 919.9 916.4 

Tγ→δ,s 1391.6 1390.3 

Tγ→δ,e 1391.6 1392.6 

TS 1525.4 1531.5 

TL 1533.0 1537.0 

On the basis of the obtained dependences of the shift of temperatures on the heating rate and on the mass 

of the sample, it is possible to extrapolate the experimentally obtained temperatures to the so-called "zero 

heating rate" or the so-called "zero mass" of the sample [10]. Thus corrected temperatures should be 

therefore very close to the equilibrium temperatures [11]. The temperatures obtained after extrapolation to 

the "zero" conditions are listed in Table 6. It is evident form comparison of Tables 3 and 6 that the 

extrapolation reduced the difference between the temperatures obtained by the DTA and DSC methods. The 

temperature interval of individual transformations was also shortened in both methods. 

4.3 Influence of the mass of the samples on magnitude of thermal effects  

In thermal effects obtained by both methods the magnitude of the thermal effect increases with the 

increasing mass of the sample. The bigger the sample, the more heat must be added for realisation of phase 

transformation. Influence of the mass of the sample on the magnitude of the thermal effect is considerable. 

In the DSC method the mass of the biggest sample is approximately six times bigger than the mass of the 

smallest sample. The magnitude of the thermal effect also increases proportionally to that. Thermal effect of 

the biggest sample is for in phase transformations approximately six times bigger than thermal effect of the 

smallest sample. In the DTA method the trend of increasing thermal effect is not so regular as in the DSC 

method. The biggest sample is also approximately six times bigger than the smallest sample, but the thermal 

effect is only 2.5 to 3.5 times bigger than the thermal effect of the smallest sample. 

Influence of the mass of the sample can be partially eliminated by relating the thermal effect to the mass of 

the sample (μV.s/mg). 

4.4 Influence of the heating rate on magnitude of thermal effects  

No trend in changes of the magnitude of thermal effect was observed in dependence on the increasing 

heating rate in the DTA method. 

In the DSC method a slight decrease of the magnitude of thermal effect was observed for transformations 

α → γ transformation and for melting in dependence on the increasing heating rate. In the transformation 

γ → δ no trend in changes of magnitude of thermal effects was observed. 

Influence of heating rate on the magnitude of the obtained thermal effect can be partially eliminated by an 

enthalpy calibration. The calibration is performed with use of standard metals at the same heating/cooling 

rate as the analysis of studied sample. An extrapolation of the sizes of thermal effects to the "zero" heating 

rate is not required at performing of the enthalpy calibration. 

5. CONCLUSIONS 

The influence of experimental conditions, of the mass of the sample and of the heating rate on the 

temperatures of phase transformations and on magnitude of thermal effects of phase transformations was 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

590 

investigated on the iron samples with use of the experimental equipment Setaram SETSYS 18TM and method 

DTA, and the device Setaram MHTC 96 and DSC method. 

It follows from the obtained results that the mass of the sample and the heating rate affect majority of the 

obtained temperatures of phase transformations. A summary of the monitored parameters is presented in 

Table 5. At the given experimental arrangement the heating rate has greater influence on the shift of the 

phase transformation temperatures than the mass of the sample for both devices. 

On the basis of dependences that express the influence of the mass of the sample and of the heating rate on 

the shift of the phase transformation temperatures, the temperatures were extrapolated to the so-called 

"zero" mass and "zero" heating rate. As a result of this extrapolation the difference between the 

temperatures determined by the DTA method and the temperatures determined by the DSC was reduced. 

The extrapolation also shortened the temperature interval of phase transformations. 

It is also evident from the obtained results that the degree of the influence of experimental conditions (the 

mass of the sample and the heating rate) on the obtained results is different at each device (method), i.e. 

that different dependences of the influence of the mass of the sample and of the heating rate on the data are 

obtained. These differences are mainly due to different design of devices (experimental arrangement). It 

follows that the determination of the influence of experimental conditions on the obtained data should be 

performed on each device before the actual measurement. This may thus help to set the optimum 

experimental conditions at measurement for obtaining the phase transformation temperatures with minimal 

influence of experimental conditions. 

On the basis of the obtained dependences that express the influence of the mass of the sample and of the 

heating rate it is possible to correct the data obtained for other investigated Fe-based metallic systems, such 

as steels, to the "zero" mass and "zero" heating rate. We can thus obtain for the investigated systems the 

temperatures close to equilibrium temperatures, without time-consuming experimental measurements. 

It follows from the obtained thermal effects that the mass of the sample has a significant influence on the 

magnitude of thermal effects. The influence of the mass of the sample can be partially eliminated by relating 

the thermal effect to the mass of the sample. The heating rate does not have a significant effect on 

magnitude of the thermal effect. Influence of the heating rate can be reduced by an enthalpy calibration. 
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Abstract 

The paper deals with the study of latent heats of melting and solidifying of Fe based metallic alloys. One real 

steel grade and “pure” iron were investigated and values of latent heats of melting and solidifying were 

obtained. Latent heats are very important quantities for thermodynamic and kinetic modelling. Latent heats 

are valuable data for many SWs used for technological processes modelling. Many SWs for casting of alloys 

use these quantities. These data are also necessary for proper modelling of processes connected with 

welding simulation processes. The obtained data can serve for the addition and enhancement of many 

thermodynamic databases. Continuous thermal analysis (DSC) was performed to obtain the values of latent 

heats. Latent heats were studied using Setaram MHTC (Multi High Temperature Calorimeter) Line 96 

equipped with 3D DSC sensor. Comparison between melting and solidifying latent heats was performed. 

Advantages of Setaram MHTC equipment are discussed also. Experimental measurements were realised 

under controlled heating and cooling rate in an inert atmosphere of He. Comparison of experimental, 

calculated and accessible data in the literature was performed. It follows from the obtained results the 

necessity of further systematic research of studied quantities. 

Keywords: latent heat, 3D DSC, thermal analysis, Fe alloys 

1. INTRODUCTION  

Simulation results (thermodynamic calculations, kinetic simulations; technological important simulations such 

as casting simulations, welding simulations, etc.) are only useful to the technological applications if they 

reflect reality, which requires accurate material datasets for the alloys (simple and multicomponent alloys) 

being simulated [1]. Material datasets include property data such as density [2], specific heat [3], enthalpy 

[4], thermal conductivity [5] as a functions of temperature, as well as latent heat of melting [6] (fusion, 

solidification) a solid fraction related to temperature, phase transition temperatures [7], surface tensions [8, 9] 

and other important material data [10]. Unfortunately, there are a significant number of commonly used metal 

alloys for which no reliable material data are available. It is possible to find some data in literature, but only 

very rarely all the necessary data are available. Many of needed data can be calculated using many 

simulation programs or calculation models, e.g. IDS/software (Solidification Analysis Package) [11]. 

However, obtaining of credible simulation results requires necessarily exact experimental data characterising 

thermo-physical material properties. It is suitable to support these data by structural and phase analysis 

also [7].  

Material properties and structure of complex metallic systems on the basis of Fe-C are still object of 

extensive research [12, 13]. To this date a lack of experimental material data about these systems still 

persists and moreover the presented data mentioned e.g. in the works [6, 14-16] differ or the data (mainly 

mailto:bedrich.smetana@vsb.cz
mailto:lucie.krejci@vsb.cz
mailto:ladislav.valek@arcelormittal.com
mailto:radim.pachlopnik@arcelormittal.com
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calculated) are inadequate [1]. The paper reports about high temperature study of latent heats (heats of 

fusion and solidification) of “pure” iron and real steel grade used in technological applications. Due to a lack 

of exact experimental data in this area, and also due to necessity to use these data as an input data for 

many simulation programs, numerical [17], physical [14] models and requirements of practice (casting, 

welding, solidification), an investigation of multicomponent Fe-C based metallic alloys is still highly topical 

theme. 

2. POSSIBILITIES OF LATENT HEATS DETERMINATION 

2.1 Theoretical calculations 

Values of latent heats of melting (fusion, solidification or other phase transitions) can be obtained with use of 

many commercially purchased SWs, such as Thermocalc, PANDAT, FactSage, MT Data, IDS and other 

SWs as well. These SWs are calculating with thermodynamic datasets. The results are so relevant 

(corresponding with respect to the reality) how far are accurate the data in the databases. 

2.2 Experimental possibilities 

Further possibilities how to obtain needed data is performing the experimental measurements with 

appropriate equipment(s) and method(s). There are some methods to acquire the latent heats of phase 

transitions. The dynamic methods can be reliably used. The DTA (Differential Thermal Analysis) [18] is one 

of the possible methods. More common for latent heats measurement is the so called DSC (Differential 

Scanning Calorimetry, 2D and/or 3D) [18]. The isothermal methods, “DROP” calorimetry [18], are very often 

used for obtaining of studied quantities as well. Results obtained by these methods, for identical samples, 

can often differ too. The reason can be as follows: nature of the method, nature of experiment itself and 

processes that can accompany the analysis alone. Oxidation of metals samples, the changing of phase or 

chemical composition of samples during continuous methods can substantial influenced experimental 

results.  

2.3 Experimental base used at our working site 

There are used many equipments for determination of latent heats at the present time (Setaram, Netzsch, 

Mettler, TA Instruments,...).  

These devices are equipped mainly with so called 2D DSC sensor, FLAT DSC sensors, for obtaining of 

latent heats, Fig. 1. The heat absorbed or released is substantially limited with respect to the construction of 

the sensor. More accurate devices must be equipped with so called 3D DSC sensors, Figs. 1 and 2. The 

sensor surrounds the whole sample to ensure the detection of almost total heat absorbed/released in 

comparison with 2D DSC sensors.  

 

 

 

 Fig. 1 Demonstration of heat absorbed/released 
using 2D and 3D DSC sensors 

 Fig. 2 Arrangement of 3D DSC sensor surrounding 
the crucible for sample, Setaram MHTC 
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Three devices are used for determination of latent heats at our working site: Setaram SETSYS 18TM, 

Netzsch STA F3 Jupiter and Setaram MHTC (Multi High Temperature Calorimeter). More specific description 

of these equipments gives Table 1. SETSYS and STA F3 Jupiter are classical 2D DSC devices that enable 

measure in a scanning mode. MHTC is a 3D equipped apparatus that enables to measure in the scanning 

and DROP mode as well. 

 

 

 

 

 

 

 

 

 

3. EXPERIMENT 

Latent heats of melting and solidifying were obtained with use of MHTC and B-type 3D hf-DSC (heat flux 

DSC) sensor. The continuous mode was used for the detection of phase transitions and their heat effects, 

linear regime of heating and cooling was realised. The heating/cooling rate was 5 °C/min. The sample mass 

approximately was 1200 mg. The real sample of electrical steel (very low carbon content 0.04 wt. % and high 

content of silicon (Si = 3 wt. %) were machined in to the shape of cylinders with a diameter about 5 mm and 

8 mm in height. Prior to the analysis were the samples abraded and cleaned in an acetone by simultaneous 

effect of ultrasound. Cleaned samples were analysed in corundum sleeves inserted in to the Pt-crucibles and 

placed to the inner space of the sensor. Calibration measurements were performed with use of pure Ni (5N). 

„Pure“ iron was selected for the verification of latent heats values, Table 2. Experiments were performed 

three times with each sample in a high purity inert atmosphere of He (99,9999 %).  

Table 2 Chemical composition of the analysed iron in wt. % 

Sample (S) C Si Mn P S Cr Ni Mo Co V W O Fe 

Fe 0.006 0.017 0.081 0.005 0.008 0.004 0.020 <0.002 0.013 0.041 <0.010 0.015 99.80 
 

3.1 Procedure of experimental data evaluation 

Experimental apparatus must be calibrated with respect to the studied temperature range, analysed material 

and experimental conditions. Pure materials are used for this purpose. Analysing the metals, the high purity 

metals are most common for temperature and enthalpy calibration. Pure nickel (5N) was used for instrument 

calibration [18].  

             (1) 

    
               (2) 

Table 1 Specification of available experimental laboratory systems Setsys, Jupiter and MHTC 

Experimental 
possibilities 

Netzsch STA 449 F3 
Jupiter 

Setaram SETSYS 18TM Setaram MHTC 

experimental 
methods 

c-DTA - „calculated DTA 
curve“; TG/DTA; 

TG/DSC; TG 

TG/DTA; TG/DSC; TG; 
TMA 

HFDSC; DROP; DSC 

temperature 
range 

+ 20°C to + 2000°C  + 20°C to + 1750°C + 20°C to + 1600°C 

heating/cooling 
rate 

0.01 to 50 K/min 0.01 to 100 K/min 0.001 to 99 K/min 

temperature 
programs 

linear heating/cooling; 
isothermal holding; 

cycling 

linear heating/cooling; 
isothermal holding; 

cycling 

linear heating/cooling; 
isothermal holding; cycling 

sample mass up to 30 g (35 g) up to 500 mg 
HFDSC up to 2.5 g 
DROP up to 30 g 

atmosphere vacuum; inert; reactive vacuum; inert; reactive vacuum; inert; reactive 

type of Cp 
sensor 

DSC flat sensor DSC flat sensor 3D DSC sensor 

Ni

Ni,tab

DSC
A

H
K




AKH DSCsample .
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The enthalpy calibration is performed by relation of heat effect of phase transition to the generally accepted 

value of heat of fusion of pure substance (in our case nickel). Calibration process lead to the evaluation of 

calibration constant KDSC, equation (1), ΔHtab - generally accepted heat of fusion of pure substance (in our 

case nickel), A - heat effect (peak area) of fusion/solidification of sample/calibrant. If the KDSC is evaluated, 

the latent heat of running phase transition, in our case melting and solidifying, can be computed according to 

the equation (2).  

4. RESULTS AND DISCUSSION 

On the basis of DSC-curves evaluation (Figs. 3 and 4) and calibration procedure were calculated values of 

latent heats of iron and steel sample, Table 3. 

The latent heat mean value of melting of iron is 235 J/g and for solidifying 243.4 J/g. Generally accepted 

value of melting of iron is 247 J/g [19]. The value obtained at heating is about 12 J/g lower than the value of 

247 J/g and value obtained for solidification is only about 3.6 J/g lower. The difference between generally 

accepted value and experimental values could be caused mainly due to the presence of admixed and 

alloyed elements in the iron sample. For comparison with experimental values the IDS SW (only solidification 

is possible) was used as well. Calculations performed with IDS SW have some limitations, mainly with 

respect to the composition [19] - results may be unrealistic. Latent heat of solidification calculated by IDS is 

243 J/g. The difference between calculated value by IDS and ΔHM, ΔHS is 8 J/g, respectively 0.4 J/g. 

Excellent agreement was obtained for latent heat of solidification. 

  

 Fig. 3 DSC-curves of nickel, iron and steel, heating 

rate 5 °C/min-1 
 Fig. 4 Evaluated DSC-curve of steel sample, 

heating rate 5 °C/min-1 

The latent heat of melting of real steel sample is 242.4 J/g and the latent heat of solidification is 242.8 J/g. 

These values are very close to each other, the difference is only 0.4 J/g. Excellent agreement was achieved. 

Calculated value using IDS SW was used too. The latent heat of solidification calculated by IDS is 241 J/g; 

no more than 1.8 J/g difference.  

Values of latent heats are very seldom presented in the accessible literature. The work [21] presents the 

values for latent heats of melting of steels within the range of 210-285 J/g (carbon steels, carbon content 

between 0.03-0.17 wt. %). The paper [11] presents latent heats of steels solidifying in the range of 180-200 

J/g (carbon content between 0.04-0.16 wt. %). Authors [22] present for steel with the carbon content of 0.22 

wt. % the value of 185 J/g. No values of latent heats were found for steel as studied in this paper. For similar 

steel, with carbon content of 0.16 wt. % and 2.09 wt. % of Si, is in work [21] presented value of latent heat of 

melting: ΔHM 225 J/g. 
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Latent heats of solidification of iron are about 8.4 J/g higher than the values obtained at heating. The 

samples of pure systems (pure metals) are prone to the undercooling at cooling process. The “pure” iron 

solidification starts later (at lower temperature) and the undercooled melt is present. The difference between 

latent heat of melting and solidification could be with high probability explained by different heat capacities 

(enthalpy difference respectively) between solid state and the undercooled melt [20]. The poly-component 

systems, such as steels, are not so much prone to the undercooling, therefore no substantial difference 

between latent heat of melting and solidifying is evident. 

Table 3 Latent heats of melting and solidifying, ΔHM and ΔHS 

Sample Fe Steel 

Number of Analysis 

heating cooling heating cooling 
ΔHM-ΔHS 

heating cooling heating cooling 
ΔHM-ΔHS 

A ΔHM ΔHS A ΔHM ΔHS 

(µV.s/mg) (J/g) (µV.s/mg) (J/g) 

1 56.89 59.13 236.5 245.8 -9.3 59.97 59.96 249.3 249.2 0.1 

2 56.62 58.44 235.3 242.9 -7.6 58.92 59.44 244.9 247.1 -2.2 

3 56.11 58.13 233.2 241.6 -8.4 56.03 55.82 232.9 232.0 0.9 

Mean Value 56.54 58.57 235.0 243.4 -8.4 58.31 58.41 242.4 242.8 -0.4 

Mean Deviation 0.32 0.42 1.36 1.76 - 1.67 1.84 6.93 7.66 - 

Variation Coeff. (%) 0.57 0.71 0.58 0.72 - 2.86 3.15 2.86 3.16 - 

A-Peak Area, ΔHM -Latent Heat of Melting, ΔHS-Latent Heat of Solidifying            
 

5. CONCLUSIONS 

Latent heats of melting and solidifying of “pure” iron and real steel grade with 3.0 wt. % of Si were studied in 

this paper. The Multi High Temperature Calorimeter (MHTC) with 3D hf-DSC (B-type) sensor was used for 

obtaining of latent heats. The obtained latent heats of melting and solidifying of “Pure” iron are 235 J/g, 

243.4 J/g respectively and for steel 242.4 (melting) and 242.8 (solidifying) J/g. The carried out research, 

comparison of experimental and theoretical data, the lack of experimental data imply to the necessity of 

further study of the studied subject. The obtaining of reliable data can substantially improve the simulation 

results related to the technological processes and subsequently can simulation results contribute to the 

optimisation of real technological processes.  
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Abstract 

In temperature interval from 16 °C to 1000 °C, plasticity expressed by reduction of area (RA) of two high 

manganese steels (HMS) showing 27 wt. % of manganese, 7 wt. % of aluminium with nickel and copper 

addition in rate 2:1 with aim to increase the anticorrosion resistance of given material is studied. In plastic 

behaviour important decrease in area of 700 °C was detected. It was explained by AlN presence. Ferrite 

portion is studied mathematically, by use of dilatometer and differential thermal analysis (DTA). Investigation 

of strength properties being going down with increasing temperature completes the solution. 

Keywords: TRIPLEX steel, reduction of area, strength, differential thermal analysis 

1. INTRODUCTION  

High manganese steels of TRIPLEX type are very attractive for automotive industry, and cryogenic 

applications. Thanks the lower density due to manganese and especially aluminium content also for rotating 

elements. Strength and plasticity expressed by reduction of area (RA) represent important parameters 

playing role at deformation mechanisms and defect propagation. This can be also influenced by ferrite 

formation in TRIPLEX steels [1, 2], which should not be higher than 15 % and represents sole phase in basic 

fcc structure after cast and/or hot rolling. It is true the optimised chemical composition is able to ensure 

above mentioned requirement [3, 4]. However, aluminium content represents possible complications during 

manufacturing of the high manganese steels in consequence of aluminium high affinity for oxygen and also 

strong bonding to nitrogen. Balanced aluminium content with other key elements is also necessary [3, 5]. In 

standard steel materials strain rate represents significant role, because under slower strain rates diffusion 

processes can get ahead unlike faster strain rates supporting more favourable response of reduction of area 

[1, 6, 7]. In works [8, 9] hot ductility of high manganese steels showed lower reduction of area approximately 

at 700 °C owing to AlN formation and according sulphide contents. Kang [8] investigated TWIP high 

manganese steel, showing fcc matrix only and chose strain rate of 3x10-3 s-1.  

Plasticity of TRIPLEX steels was practically not investigated and the presented paper is focused on hot 

ductility of this steel type with nickel and copper addition with aim partially to increase strength and 

anticorrosion resistance. The aim of work is to show some selected mechanical properties as hot ductility 

and strength of the steel X50MnAl27-7.      

2. EXPERIMENTAL APROACH 

For casting of high manganese materials, the Leybold-Heraeus vacuum induction furnace was used which 

was equipped with a rotational pump. High pure alloys can be made in it. Ingots for internal use of the 

research are of 800 g weight and 200x35x20 mm dimensions. Melting was carried out in corundum crucibles 

made by Capital Refractories at 5-10 Pa pressure and 12 kW output. For complete melting, 120-180 

seconds holding time was included and the alloy was cast in vacuum into a cast-iron mould. The aim of the 

holding time was to secure solubility and homogenization of additions. After two-three hours, the material 

from mould was pulled out and the ingot was cooled down on the air. 

mailto:eva.mazancova@vsb.cz
mailto:michal.cagala@vsb.cz
mailto:bedrich.smetana@vsb.cz
mailto:monika.zaludova@vsb.cz
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Table 1 Chemical composition of studied TRIPLEX steels  

steel C Mn Al Si P* S* N* Ni Cu Cr V Fe 

[wt. %] and/or * [ppm]  

1 0.52 26,6 7.07 0.40 130 220 38.5 0.99 0.51 0.07 0.006 bal. 

2 0.47 26.7 7.00 0.35 120 190 44.0 1.03 0.55 0.07 0.006 bal. 

After casting, a transversal specimen was cut-off from each ingot for a control chemical analysis, results 

given in Table 1 and for a control metallographic analysis which was performed with the help of the 

OLYMPUS X70 light-microscope. In the central and subsurface areas of ingots, micro-hardness (HV0.3) was 

determined using the LECO 2000 micro-hardness tester. After cutting-up and mechanical working of the 

ingots, 3 tensile tests were carried out with 4 mm diameter specimens of each heat type and for the given 

temperature. The follow-up measurement led in tensile loading of the specimens at 20 °C temperature and 

then in the range of 600 °C to 1100 °C on the INOVA electromechanical load machine with 20 kN loading 

force range. Heating was realized in a graphite furnace to the chosen temperature, e.g. 1000 °C, in 

consecutive steps, and that first to 800 °C, to 970 °C and heating continued up to 1100 °C. The heating 

corresponded to 5 °C min-1 and for cooling 10 °C min-1 was used. Feed rate of crossbar movement was 6 

mmmin-1. The test rod temperature was measured by a Pt/PtRh thermocouple placed in a hole of the 

furnace casing. In order to avoid decarburization and oxidation of a specimen, the measurement was 

performed in the inert argon atmosphere. After tensile tests had been carried out at room temperature and in 

the temperature range of 600 °C to 1000 °C, attention was focused on a micro-fractographic analysis which 

was performed by use of the eXEPLORER electron microscope made by ASPEX which was equipped with 

the energy-dispersive analyser EDAX (SCIENTIFIC INSTRUMENTS). Mathematical evaluation of ferrite 

presence was realized in accordance with paper [10] and differential thermal analysis was evaluated using 

Setaram Setsys-1750 with details presented in paper [11]. For both material types, stacking fault energy 

(SFE) was calculated according to the concept given in the work [12].  

           
a)                                b) 

Fig. 1 Microstructure of steel 1 a) under surface, b) central area 

3. RESULTS AND ANALYSIS 

Figs. 1 and 2 represent microstructures of both studied steels after cast. Under surface the both steels show 

some in-homogeneities in comparison with central areas. Steel 2 is finer  up to 800 m under surface, 

however the central areas of both steels marked differences are not observed as it from Figs. 1 and 2 

follows. Using SEM some complex oxides on manganese, aluminium and eventually silicium basis were 

detected as a result of imperfect vacuum during cast, even when it was at the maximal level of device being 

at disposal. The selected chemical compositions led to comparable stacking fault energies (approx.115 

mJcm-2). Defect in a form of porous and/or shrinkage porosity was not revealed. Elementary copper was not 

observed in matrix, even when both steels Ni:Cu rate 2:1 show. It is in accordance with former work dealing 
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with Cu solubility in steels [13]. Slightly higher nickel content in comparison with the level declared in work [9] 

had none influence on strength of investigated steels.      

 
a)                                b) 

Fig. 2 Microstructure of steel 2 a) under surface, b) central area 

 

 

Fig. 3 Tensile strength (TS) and reduction of area (RA) in dependence on temperature for steel 1  

Micro-hardness of the studied steels showed not important differences between under surface and central 

area and on average it was at level of 198 HV0.3 (steel 1), respectively 186 HV0.3 (steel 2). It also 

corresponds to slightly higher carbon content in steel 1 (see Table 1). Results are comparable with steel 

1109 [9], where the micro-hardness reached 213 HV0.3 on average and where also carbon contend was 

0.64 wt. %. For both steels Figs. 3 and 4 summarize detected tensile strength and reduction of area in 

dependence on temperature. In both cases with increasing temperature strength level went down as it was 

also awaited. Maximal tensile strength at ambient temperature for both steels was approx. 729 MPa and the 

lowest level was 82.9 MPa (steel 1) and 89.6 MPa (steel 2), corresponding to drop of 647 MPa, resp. 640 

MPa and to 643 MPa on average. Regarding reduction of area between 600 - 800 °C a drastic fall was 

detected as a result of formation of hexagonal AlN plates. Fig. 5 represents an example of detected AlN 

particles together with lower portion of MnS particles.  
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Fig. 4 Tensile strength (TS) and reduction of area (RA) in dependence on temperature for steel 2 

     

Fig. 5 Fracture surface of tensile test bar of the steel 2 after 700 °C with analysis of particles (number 1 and 

2 represent AlN particles with sulphides of MnS type. 

Similar trend was observed in work [8], even when not so intensive, because authors tested high manganese 

steel of TWIP type with only 1.52 wt. % of aluminium, even when nitrogen was about 80—93 ppm. In our 

case aluminium was 4.7 times higher and nitrogen 1.8 lower in the worst case. Steel 1 showed the lowest 

reduction of area which reached 14.5 % and steel 2 demonstrated 12.6 % of RA, while Kang et al [8] 

reached the minimal value of 30 % with minimally 3.2 times lower sulphur content (20-60 ppm), which could 

the RA in superposition with nitrogen and lower aluminium content decrease.  

It is known aluminium nitrides are stable and from the point of view of thermodynamic should be formed 

primarily. Crystallographic structure of aluminium nitrides is hexagonal and its precipitation kinetic is slow. 

Therefore e.g. vanadium addition could be a solution how to eliminate the aluminium nitrides formation, 

because vanadium nitrides show cubic structure and even when they are not so stable, precipitate much 

faster than aluminium nitrides particles. A higher deformation rate should be also of a use, because diffusion 

processes would be not so intensive unlike a small deformation rate and VN precipitates could be 

preferentially formed. Presented hot ductility experiments were carried out at very low feed rate of 

crossbeam (6 mmmin-1).   
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Hot ductility could be also influenced by ferrite portion resp. the austenite/ferrite interface represents weaker 

place with different plasticity of both matrixes. The calculated volume fraction of ferrite [14] corresponded to 

4.9 % (steel 1) and 4.6 % (steel 2), however using dilatometer and differential thermal analysis (DTA) no 

ferrite presence was detected as it Fig. 6 for steel 2 demonstrates. The heating and cooling rates 

represented the same conditions being used during cast. It is surprising and explanation can be only 

sensitivity of used devices, being under detectability of such low ferrite portions and/or low deformation of 

material being not able under given circumstances to cause partial ferrite transformation. Carbides 

precipitation was also not registered, what is all right, because ultrafine carbides should only precipitate 

during aging process followed the deformation operations [15].  
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b)           c) 

 Fig. 6 Results of a) dilatometer testing, b) DTA during heating at 5 °C/min, c) DTA during cooling at 

10 °C/min  

4. CONCLUSIONS  

Hot ductility and strength of two laboratory X50MnAl27-7 steels type with nickel and copper in rate 2:1 were 

investigated. After cast microstructures of both steels showed the same character with finer microstructure 

reaching to 800 m under surface.  

In temperature interval from 16 °C to 1000 °C tensile strength with increasing temperature went down by 643 

MPa from the average 729.6 MPa detected at ambient temperature. At temperature of 16 °C hot ductility was 
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at level of 60 %, resp. 57 % (58.5 % on average) and the lowest value was approximately detected at 700 °C 

due to the aluminium nitride precipitation at low deformation (crossbar feed rate was 6 mmmin-1).  

In critical temperature range (600-800 °C) faster deformations could be a solution to suppress aluminium 

nitride precipitation, because at faster deformation rates diffusion processes could be restricted. Addition of 

vanadium could be of a use. Vanadium nitride does not show high stability as aluminium nitride, however 

precipitates faster. 

Dilatometer measurement and differential thermal analysis were unsuccessful to record ferrite presence 

unlike mathematical calculation which showed 4.8 % of ferrite on average. Apparatus under detectability 

level could be elucidation. The k-carbides precipitation was not revealed, being in accord with basic 

assumption. 
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Abstract 

Three high manganese steel types after cast, hot rolling and subsequent aging at 480 °C in interval 6, 30 

and 60 minutes are studied. With higher rate of elements supporting ferrite and austenite the ferrite volume 

fraction is increasing as well as the stacking fault energy (SFE), which decides about deformation type. 

Hardness increase of the high manganese steels depends on chemical composition however balance of the 

key elements is the most important. 

Keywords: TRIPLEX steel, aging, time dwell, mechanical properties, microstructure 

1. INTRODUCTION  

The work is focused on high manganese steels with different carbon, manganese and aluminium contents 

being the key elements influencing final properties. According the chemical composition and type of 

processing, given steel types show austenite microstructure with different portion of ferrite and k-carbides, 

which cause different increase of material strengthening. The most effective are ultra-fine k-carbides of 

(FeMn)3AlC type evenly arranged along shear bands in the 111 plane. This demonstrates an important 

contribution of homogeneous shear deformation so that the most favourable elongation should be reached 

[1]. The thickness of mentioned bands is connected with stacking fault energy (SFE), which, in case of 

TRIPLEX steels, is oscillating in range from 80 to 140 mJm-2 [2, 3]. This level is a guarantee of high matrix 

stability, without transformation to -martensite with formation of homogeneous shear bands accompanied by 

dislocation slip under simultaneous disperse strengthening [1, 4]. This process is produced by even 

arrangement of coherent nano-size k-carbides with suitable distance among particles in the basic austenite 

microstructure [4, 5].  

Owing to high strength level in combination with favourable plasticity and lower steel density, thanks the 

higher manganese and especially aluminium contents, the high manganese steels are predestined for 

application in automotive industry, for rotating elements production and using at cryogenic temperatures [1, 

4-6]. On the top of all, the aluminium addition importantly increases stacking fault energy and simultaneously 

supports higher anticorrosion resistance of given steel types. High manganese steels show good 

compatibility with unexceptional industrial facilities, however the presented manganese, aluminium and also 

silicon contents with high affinity to oxygen can lead to possible problems with a worse plasticity level.  

The aim of work is to show some selected mechanical properties and point out problems met during 

laboratory high manganese steels production.      

2. EXPERIMENTAL APPROACH  

For study three high manganese steels were laboratory produced. Their chemical composition Table 1 

summarises. Average oxide content was in interval from 3.5 to 7 ppm and nitrogen content ranged between 

38 and 39 ppm. Firstly, ingots which dimensions corresponded to 20x33 mm in cross section and the length 

to 120 mm were cast. The ingots were prepared by melting in vacuum induction furnace Leybol-Heraus as it 

was described recently in [7]. All steels were heated at 1100 °C for a period of 15 minutes before rolling. For 

mailto:eva.mazancova@vsb.cz
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this process reversible laboratory rolling mill TANDEM of the TU-Ostrava with two stands of the two-high mill 

type was utilised [8]. Using the aforementioned mill stands rolling always in couple followed, as well as the 

after-heating of the material to temperature of 1100 °C for a period of 30-60 seconds. This was performed in 

the electric resistance furnace with protective atmosphere. The surface temperature of the unfinished rolled 

products was measured by temperature scanner and portable infrared pyrometer Land. Details are 

summarised in paper [9]. After rolling air cooling followed. Final thickness of strips corresponded to 1.9 mm. 

Part of materials after hot rolling was consequently cold rolled under conditions described recently [10]. 

Thickness of final cold rolled strips was 1.2 mm. Metallographic evaluation after cast and rolling procedures 

was realised by use of light microscope Olympus X70 and electron microscope ASPEX-PSEM eXplorer 

equipped by analyser EDAX. Mechanical properties (hardness HV30 using EMCO TEST-M1C 01 and tensile 

tests by use of INOVA TSM 50) were found. Purity and ferrite portion were monitored. Stacking fault 

energies of all steels were calculated according concept presented in work [11]. The stacking fault energy 

evaluation did not comprise an influence of magnetic characteristics connected with austenite to -martensite 

transformation (anti-ferromagnetic, resp. paramagnetic processes) due to their very low values [2, 11].  After 

cast, hot rolling and aging at 480 °C with dwells of 6, 30 and 60 minutes, resp. after cold rolling as a 

subsequent operation after hot rolling, hardness HV30 was measured.      

Table 1 Chemical composition of investigated steels [wt. %] 

steel C Mn Al Si Fe 

1 1.20 24.2 12.0 0.32  bal. 

2 0.46 28.0 8.7 0.16.  bal. 

3 0.65 29.5 9.0 0.35  bal. 

 

a)                      b)                         c) 

 
 Fig. 1 Microstructures of studied steels in cast state a) steel 1, b) steel 2, c) steel 3 

3. RESULTS AND ANALYSIS 

As it from Figs. 1a-c follows, microstructure of steel 1 differs after cast from the two ones. It is fine and the 

narrow ferrite areas are good visible. Ferrite was formed as a consequence of high aluminium content in this 

heat and unbalanced contents of manganese and carbon as it follows from paper [1, 12] and from Table 1. 

The steel 3 shows the second finest microstructure and furthermore high homogeneity. Unfortunately, in 

microstructures oxides of Al2O3 type, resp. lower portion of oxi-sulphidic complexes are observed. 

Microstructures of investigated steels after hot rolling Figs. 2a-c demonstrate. After hot rolling microstructure 

of the steel 1 is again the finest and regarding character the others are more or less comparable. The first 

mentioned steel shows discontinuous ferrite decoration along austenite grain boundaries and moreover k-

carbides (FeMn)3AlC on the austenite-ferrite and/or austenite-austenite interphase were revealed. In 
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question were carbides of 1 m size on average as it Fig. 2a and/or Fig. 3 in detail demonstrate. These 

detected carbides should be at all formed in matrix after hot rolling. The carbides nucleation should be only 

realised during final aging process [1, 5]. In given case contents of key elements were not balanced, 

especially manganese and carbon. During deformation process presented manganese was not able to keep 

so high carbon content in solid solution and k-carbides were formed prematurely as it from investigation 

results of Schumann [1] and Frommeyer [12] follows. Thanks the high aluminium content the given steel 

complies with condition of high stacking fault energy (126 mJm-2) as it is also in accord with conclusions of 

works [1, 2, 11, 12].  

a)                      b)                          c) 

 
 Fig. 2 Microstructures of studied steels after hot rolling a) steel 1, b) steel 2, c) steel 3 

a)                     b)              

 

Fig. 3 Microstructure of steel 1 after hot rolling in details 

Ferrite content in matrix of the steel 1 corresponded to 17.5 %, to 8 % in case of steel 2 and in steel 3 the 

lowest volume fraction of ferrite (6 %) was found. The differences are related to austenite stabilisation, resp. 

destabilisation, in other words to carbon, manganese and aluminium contents in the investigated steels. Of 

course, silicium content supporting ferrite transformation can be added to aluminium one. Generally, with 

higher (Al+Si)/(C+Mn) parameter the ferrite portion is going up. Steel 2 and 3 showed the highest (C+Mn) 

contents (28.46 wt. % for steel 2 and 30.15 wt. % for steel 3), while steel 1 the lowest content. The (C+Mn) 

level was 25.4 wt. %. It is by 4.75 wt. % lower value than in case of steel 3, as it from Table. 1 follows. 

Simultaneously, steel 1 showed the highest (Al+Si) value. It is known, carbon competes against aluminium at 

constant manganese content [13]. In other words, the higher rate between elements contributing ferrite 

formation and elements contributing austenite stabilization is related to higher ferrite content in final matrix. 

Of course, the rolling conditions play a role, however those were more or less constant and finishing rolling 

temperature corresponded to 900 °C, approximately. As it was found recently, with higher stacking fault 
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energy of high manganese matrix sum of rolling forces went up [6]. Steel 1 showed the highest stacking fault 

energy (126 mJm-2) while the stacking fault energy of steel 2 and 3 reached 105 mJm-2 and 114 mJm-2 

being in accord with chemical composition of investigated steels (Table 1). Microstructures after cold rolling 

Figs. 4a-c demonstrate.  

a)                        b)                              c) 

 
Fig. 4 Microstructures after cold rolling a) steel 1, b) steel 2, c) steel 3 

Table 2 Mechanical properties after hot and cold rolling 

steel  hot rolled   cold rolled  

 YS TS Elong. YS TS Elong. 

 [MPa] [%]   [MPa]           [%] 

1 879 1148 26 1425 1539 4.0 

2 740 930 22 1350 1360 5.1 

3 850 955 28 1420 1530 4.3 

Investigated mechanical properties after hot and cold rolling are summarised in Table 2 and dependence of 

the calculated stacking fault energy on rate, resp. (Al+Si)/(C+Mn) parameter is presented in Fig. 5. The 

highest stacking fault energy of the steel 1 is caused by the highest aluminium content (12 wt. %) being able 

to influence the mentioned parameter most intensively [2, 11]. With increasing value of (Al+Si)/(C+Mn) 

parameter the strength is also going up as it from Table 1, Fig. 5 and Table 2 follows. With higher carbon 

content higher increase of yield stress was observed. It is interesting yield stress difference between steel 1 

and 3 after hot rolling only corresponded to 29 MPa. In steel 1 carbon content was the highest, higher by 

0.74 wt. % in comparison with steel 2 and also microstructure differed from steel 2 and 3. Thus higher 

strength level of steel 1 could be awaited. Moreover, 

during rolling process formed k-carbides could interact 

with dislocations and so increase yield stress values. 

Oxygen content was in the range from 3.5 to 7 ppm 

and oxides, resp. oxi-sulphidic inclusions, 

predominantly detected in central area of strips can be 

taken for reason of generally lower plasticity of steels 

than could be awaited in given steel types [1]. 

Inclusions volume fraction was in all steels practically 

on comparable level. Regarding nitrogen its content 

was in all steels on the same level from 38 to 39 ppm.   

Fig. 5 Stacking fault energy (SFE) in dependence 
 on (Al+Si)/(C+Mn) parameter 

1 

2 

3 
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 Fig. 6 Hardness level (HV30) after cast, hot rolling and three different aging types of steel 1, 2 and 3 

After hot rolling, samples of all studied steels (1, 2 and 3) were aged at 480 °C with dwell 3, 30 and 60 

minutes. Detected hardness differences Fig. 6 demonstrates. Thanks the highest carbon content, steel 1 

shows the highest hardness however the strong carbides precipitation during finishing hot rolling and cooling 

process led to stagnation, resp. slight fall of hardness after aging. That can be connected with slight carbides 

growth and decrease of their number. Steel 2 and 3 showed minimal differences corresponding to minimal 

dissimilarities in chemical composition. The slightly higher carbon and manganese contents of steel 3 

reflected in slightly higher hardness after hot rolling and after aging as well. Explanation of insignificant 

higher hardness level (449 HV30) after cold rolling against 432 HV30 after hot rolling (difference of 17 HV30) 

of the steel 1 resulted from partial deformation strengthening. Formerly precipitated carbides particles after 

hot rolling did not allow standard cold rolling deformation. It is interesting, that tensile strength differences 

(between hot and cold rolling) were higher as it Table 2 presents. The differences of 100 HV30 (320HV30 

after hot rolling) and 125 HV30 (440 HV30 after hot rolling) of steel 2 and 3 represent adequate hardness 

increase after cold rolling. These steel were able to keep the carbon in manganese solid solution, without 

carbides precipitation in the first hot rolling process.     

4. CONCLUSIONS  

In laboratory conditions, hardness trends of three high manganese steels of TRIPLEX type after cast, hot 

rolling and subsequent aging at 480 °C with 6, 30 and 60 minutes dwells and/or cold rolling were 

investigated.  

With increasing (Al+Si)/(C+Mn) parameter the stacking fault energy, ferrite portion in basic austenite matrix 

and hardness went up. After aging the proportionality among key elements (carbon, manganese, aluminium 

and silicium) played the role.  

Unbalanced high carbon and low manganese led to premature coarser k-carbide precipitation during 

finishing hot rolling, hence to strong hardness increase, however in aging processes practically restricted 

nano-size k-carbides were able to precipitate intra-granularly and therefore the hardness showed stagnation 

strictly speaking and/or went down after maximal dwell unlike the steels showing more balanced key 

elements. 

After cold rolling hardness was highest in any cases, however at the expense of ductility, which was to top of 

all declassed by complex oxides presence formed during cast.       

   Steel 

procedure 
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Abstract 

High-manganese steels (20-30 % Mn, suitable for cars) have higher toughness and ductility compared to 

unalloyed structural steels at comparable strength properties. The corrosion resistance of these steels can 

be reduced by a high content of manganese which is not electrochemically noble element. In this paper are 

compared the results of corrosion tests of TWIP (X70Mn22) and TRIPLEX (X100MnAl28-12) steels in rolled 

and annealed state with structural carbon steel C17 (CSN 411375). The cyclic potentiodynamic method for 

pitting sensitivity in neutral NaCl solution and potentiodynamic polarization method for assessing the 

resistance to uniform corrosion in acidic conditions (sulfuric acid water solution) were used. Exposition 

standard salt spray test, gravimetric method as well as microscopic observations of structure and corrosion 

were also applied. Based on the exposure tests and measurements the average corrosion rates (non-

uniform and pitting) were determined and the ranking of steel resistance was established. On the basis of the 

polarization test in chloride solutions there were found much higher values of corrosion rate of X70Mn22 

(TWIP) steel compared with X100MnAl28-12 (TRIPLEX) one, while a positive effect of aluminum for 

corrosion resistance was confirmed. In the sulfuric acid solution slightly lower resistance TWIP steels 

compared with TRIPLEX was measured, but both Mn steels have unacceptably high corrosion rate. 

Keywords: manganese steel, corrosion resistance, polarization method, salt spray test 

1. INTRODUCTION 

The new high manganese TRIPLEX steels have been developed from Hadfield (X120MnCr13) and TWIP 

(twinning-induced plasticity) steels. The structure of TRIPLEX is formed by stable austenitic phase with 

higher stacking fault energy (110 mJ/m2) and very fine coherent k-carbides (FeMn)3AlC, dispersed in matrix 

[1]. Small volume fraction of δ-ferrite (< 10 %) can be also formed in structure after rolling. High manganese 

steels have higher strength values and simultaneously high plasticity, which is desired for vehicles. The 

advantage of stated steels is also higher absorption energy and lower density as compared with commercial 

carbon steel. Worse corrosion resistance of high manganese steels is connected with low standard potential 

(-1.2 V SHE) and without the ability to form protective layer. It is often part of the sulphides and carbides, 

favoring certain types of localized corrosion.The corrosion resistance of TWIP (Fe-25Mn, Fe-25Mn-3Al) steel 

is low and the electroless coating Ni-P can be used for protection [2]. The potentiodynamic polarization tests 

in 3.5 % NaCl and 0.1 M H2SO4 showed that Ni-P coating significantly improved the corrosion resistance in 

both media. The decisive influence on corrosion resistance of Mn steels (X7MnSiAlNbTi26-3-3, 

X5MnSiAlNbTi24-3-2) has their chemical composition, which determines high rate of dissolution in acidic 

media, i.e. general corrosion and formation of pitting [3].  

The aim of the work is comparison and evaluation of corrosion resistance of TRIPLEX steel X70MnAl28-9 

and TWIP X70Mn22 by standard laboratory tests. 

mailto:stanislav.lasek@vsb.cz
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2. MATERIALS AND EXPERIMENTAL TECHNIQUE 

For electrochemical corrosion tests were prepared samples of TWIP austenitic steel containing 0.7 % C, 21-

23 % Mn (wt. %, hot rolled in air, dimensions 34 x 32 x 3 mm) and samples of TRIPLEX steel (18x18x3 mm) 

with composition 1.0 % C, 28 % Mn and 12 % Al, with 8 % -ferrite content and the tensile strength of 1100 

MPa. Commercial carbon steel C 17 (CSN 411373, sheet 1,0 mm) was also used as reference material. 

Before electrochemical corrosion tests, unequal and scaled surfaces of samples on one side were ground 

gradually by wet SiC grit papers No. 60-1500 and these samples were degreased by alcohol-petrol and then 

rinsed with demineralized water. For salt spray test of supplied steels, the corrosion products (scales) were 

removed on all surfaces by wet grinding gradually (SiC papers No. 60 - 2000). Samples were cleaned in 

alcohol and weighed by digital scales Sartorius CP224S-OCE.Before polarization test corrosion potential 

values (Ecor) were measured and then polarization measurements were started from approx. 100 mV below 

the corrosion potential values. 

Potenciodynamic cyclic polarization tests of resistance to pitting corrosion were carried out according to 

standard [4] in aqueous solutions of 0.1 to 1.0 mol/l NaCl at room temperature with polarization rate of 1.0 

mV/s under free access to air. Polarization measurements were performed using a potentiostat PGP201 with 

a special corrosion cell with three-electrode connection: sample as the working electrode, reference 

saturated calomel electrode (SCE) and platinum auxiliary external electrode. Aqueous solutions of sodium 

chloride are used for testing or comparing the corrosion resistance of steels and surface layers or coatings 

used in the automotive industry. 

Further electrochemical corrosion tests were performed in solution of 0.1 mol / l H2SO4 [5] under the same 

conditions as the test using NaCl solution. Exposure tests were performed according to ISO standard [6] in 

the salt spray cabinet LIEBISH S400 M-TR, where they were placed on plastic racks (the largest samples 

area under the angle of 20° to the vertical) and then continuously exposed for 12 hours in neutral 5 % NaCl 

salt spray at 35 °C. The corrosion weight gains and losses per unit area were determined after the exposure 

time (the gravimetric method). After performed tests the macroscopic images of exposed surfaces were 

made (using digital camera Canon A700) and microscopic and metallographic observation. 

3. DESCRIPTION AND DISCUSSION OF RESULTS 

3.1  Polarization tests 

On the basis of the cyclic potentiodynamic 

polarization method [2] the polarization curves 

were recorded (Fig. 1) and following 

parameters of pitting and uniform corrosion 

were determined, see Table 1: 

Ed - depassivation potential set at the 

conventional current density Jd = 100 A/cm2, 

Er - repassivation potential at current density Jr 

= 10 A/cm2 , 

Ev - reversible potential established when 

current density Jv = 1.0 mA/cm2, 

Ecor - corrosion potential, 

Jcor - corrosion current density, 

Rp - polarization resistance (inversely 

proportional to the uniform corrosion rate rc = 

B/Rp) 
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rc - mean corrosion rate (determined according to the Stern methods and Faraday's law). 

In general, the higher value of potentials (Ed, Er) the higher the resistance to pitting corrosion. It is also 

necessary to consider the differences between these potentials and corrosion one (the higher values Ed -Ecor 

and/or Er - Ecor, the better resistance). Further parameters (Ecor, Jcor, Rp, rc) are related to uniform corrosion 

before pitting initiation. The uniform corrosion is lower, if parameters Jcor and rc have smaller values.  

Table 1 Comparison of corrosion parameters of tested and compared steels 

steel sample solution Ecor Ed Ev Er Rp Jcor rc note 

wt. % No. NaCl mV mV mV mV Ωcm2 A/cm2 mm/r cycle 

TWIP 

0.7 % C 

22 % Mn 

original 

surface 

5.3 1.0 M -633 -604 -501 -708 560 29.1 0.340 1 

5.3 0.1 M -740 -698 -542 -723 624 17.4 0.203 1 

          

8.3 0.1 M -673 -653 -482 -701 519 18.5 0.216 1 

8.3 0.1 M -718 -682 -540 -712 452 24.0 0.281 2 

          

8.3 0.1 M -710 -662 -506 -684 267 21.8 0.260 1 

 

TRIPLEX 

1.0 % C 

28 % Mn 

12 % Al 

1.0 0.1 M -420 -289 -126 -447 7350 1.37 0,015 1. 

1.0 0.1 M -428 -228 -114 -462 2248 0.46 0.005 2 

          

6A 3.5 % -426 -302 -206 -602 7890 1.15 0.013 1 

6A 3.5 % -456 -365 -234 -609 5380 2.35 0.028 2 

Steel C17 

0.17 % C 

NS 0.1 M -473 -412 -262 -523 1400 17.8 0.209 1 

 0.1 M -513 -450 -273 -534 1160 31.4 0.368 2 

Notes: The values of potentials are given relative to a saturated calomel electrode (SCE). For the sample 

TRIPLEX 6A crevice corrosion was observed, which resulted in lower values of the measured potentials (Ed, 

Er), compared with the sample TRIPLEX 1.0. Content of 1.0 M NaCl = 1.0 mol/l NaCl = 5.84 % wt. NaCl. 

For comparison, the cheapest type of Cr13 stainless steel under the same conditions has value of potential: 

Ecor = -200 mV, Ed = +10 mV, Er = -270 mV (25 °C, 0.1 M NaCl). 

Significantly higher resistance TRIPLEX steel (X100MnAl28-12 type) compared with TWIP steel (X70Mn22) 

was demonstrated in NaCl solution. Based on the polarization tests, it was found the significant increase in 

depassivation Ed and repassivation Er potential and the order of magnitude decrease in the corrosion rate, 

which can be explained by a certain passivation effect of aluminum (12 %) in the high-Mn-Al steel. The 

polarization curves recorded for TWIP steel have continuous increase in current density, whereas on steel 

TRIPLEX slight current increase in quasi-passive area and then sharp increase after breakdown (damage) of 

protective layer by pitting corrosion. 

For technical practice and required lifetime is usually permissible uniform corrosion rate lower than 0.1 mm/a 

(annual, yea)r, which is met with steel TRIPLEX (corrosion rate from 0.01 to 0.03 mm/a). In contrast, the 

TWIP steel was predicted much higher corrosion rate 0.2 - 0.4 mm/a. By stereo and metallographic 

microscope on TWIP steel after corrosion test were observed the uneven spots with microscopic pits (10-

40 m), on TRIPLEX steel elongated pits (300 x150 m) and several smaller clusters of corrosion pits (30-

100 m). 

The results for the acidic environment in Table 2 show a significantly higher corrosion rate (1-2 order) in 

comparison with neutral solution (Table 1). In the measured range of potential (Ecor ± 50 mV) polarization 

curves had almost linear trends. 
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The differences in corrosion resistance between steel TWIP and TRIPLEX are relatively small in aggressive 

acidic solution of 0.1 M H2SO4, see Table 2. While slightly lower mean corrosion rate was found to TRIPLEX 

steels alloyed with aluminum, as compared to TWIP. High Mn-steels have in average many times higher 

corrosion rates than carbon steel. 

Table 2 Comparison of corrosion parameters TWIP steel (X70Mn22) and TRIPLEX (X100MnAl 28-12) in a 

solution of 0.1 M H2SO4 

steel sample Ecor Rp Jcor rc note 

wt. % No. mV Ωcm2 A/cm2 mm/a cycle 

TWIP 

0,7 % C 

22 % Mn 

8.3 -560 23.4 443 5.19 1 

8.3 -554 23.9 507 5.93 1 

5.3 -557 23.7 475 5.56 1 

TRIPLEX 

1,0 % C 

28 % Mn 

12 % Al 

4.0 -620 34.6 341 3.99 1 

4.0 -617 29.8 363 4.25 2 

1.0 -606 64.3 599 5.01 1 

1.0 -610 24.4 383 4.48 2 

Carbon 

steel 

C17 

NS1 -518 488 31,6 0.370 1 

NS1 -527 308 54.5 0.638 2 

NS2 -500 108 77.6 0.908 1 

NS2 -514 95 124 1.41 2 

Lower values of corrosion potential for steel TRIPLEX (X100MnAl 28-12) can be explained by a higher 

content of Mn and Al alloys because both elements have a low equilibrium (standard) potential compared to 

Fe. The standard potential Eo for Al, Mn and Fe have the following values: -1.66 V, -1.18 V and -0.44 V SHE. 

Note: Testing in acidic solutions can be useful in terms of reduction in steel pickling [3] and also in assessing 

the impact of polluted industrial atmosphere due to SO2 or action of acid rain. 

Under acidic conditions, the intensity of etching both steels significantly higher (than in NaCl) and in some 

places the grain boundaries and differently etched crystallographic planes were observed using a 

metallographic microscope 

3.2 Salt spray test  

In this paragraph are described and compared the results of exposure tests in salt spray cabinet according to 

standard, Table 3. 

Table 3 The results of accelerated exposure test in salt spray  

steel dimensions surface mass mass gain mass loss notes 

sample LxBxH [mm] S [cm2] mo [g] ∆m/S [g.m-2] ∆m/S [g.m-2] surface 

TWIP 
5.3 
8.3 

33.6x32.2x2.4 24.80 20.5866 15.9 16.6 ground up to 

33.6x33.8x2.4 26.00 21.5723 16.2 17.9 No. 2000 

   16.1 17.3 mean value 

TRIPLEX 
1.0 
4,0 

18.8x18.4x2.4 8.70 4.6063 7.59 4.48 ground up to 

18.0x17.3x2.2 7.78 4.2551 7.97 3.21 No. 2000 

   7.78 3.85 mean value 

 
Carbon 
steel 
C17 

50.8x29.0x3.0 34.3 33.2801 14.0 11.4 ground up to 

43.4x28.9x2.5 28.0 22.9444 16.6 11.4 No. 2000 

102x50.8x1.5 107.9 53.8024 13.8 16.6 ground no.120 

98.7x49.7x1.2 101.7 40.4491 19.6 22.7 original surface 

   15.3 11.4 mean value 
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Measured average corrosion mass gains were approximately 2x higher for TWIP steel than TRIPLEX one, 

and corrosion losses were more than 4 times higher for TWIP steel, Table 3. For carbon steel have been 

also found somewhat lower corrosion mass changes in comparison with TWIP steel (with the same surface 

quality). On the roughly brushed or slightly corroded surface, on carbon steel were found out a higher 

corrosion weight changes. Similar corrosion behavior can be expected for the TWIP or TRIPLEX steel with 

respect to different surface quality. After chemical remove of rust in aqueous hydrochloric acid solution 1:1 

with inhibitor (Hexamethylentetraminum, C6H12N4) corrosion losses were measured on unalloyed carbon 

steel of 12.8 gm-2 but for TWIP steel 41.7 gm-2, which also confirms the lower corrosion resistance 

of Mn-TWIP steel. 

Significant differences were observed between the upper and lower surface with respect to salt fog flowing. 

The TRIPLEX steel on the upper surface has formed macroscopic corrosion pits of different shapes (Fig. 2), 

the other surrounding areas (90 %) remained clear with a slight color appearance. On the lower surface were 

not observed corrosion pits and metallic surface remained clean. TWIP steel was considerably and non-

uniformly corroded (over 90 % of the above surface covered with corrosion products), after removing the 

rusted areas there were observed numerous microscopic corrosion pits, usually shallow and oval in shape, 

Fig. 3. On the reference steel C17 the similar corrosion type as on TWIP were observed, but to a lesser 

extent. After their removal (by brushing), irregular cavities and microscopic holes were observed with 

different morphology compared to TWIP steel.  

 

  Fig. 2 Samples after removing of rust (TWIP, TRIPLEX, C17)        Fig. 3 Small pits on TWIP steel 

In metallographic polished section the non-uniform and pitting types of corrosion has been observed, Fig 4, 

5. On TRIPLEX steel, the special undermining tape of corrosion has been found out, probably along series of 

aluminum oxides. Regular (polyhedron) grains in structure have been observed after etching. To increase 

corrosion resistance TWIP steels, some coatings are used in surface protection [2]. 

TWIP 32 x 34 mm 

TRIPLEX 

C17 
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Fig. 4 Cross section of TRIPLEX after salt spray test  Fig. 5 Metallographic section of TWIP steel after 

     Corrosion pit and attack along impurities            exposure in salt fog. Non-uniform corrosion type 

CONCLUSIONS 

The corrosion properties of high manganese steels TWIP (X70Mn22) and TRIPLEX (X100MnAl 28-12) were 

tested and compared with carbon steel C17 as reference material. Based on the polarization tests in water 

solutions with sodium chloride there were observed one order of magnitude higher corrosion rate of steel 

TWIP (X70Mn22) compared with steel TRIPLEX (X100MnAl 28-12). Positive effect of aluminum for 

increasing in corrosion resistance was also demonstrated by higher values of measured pitting potentials. 

After salt spray test on TWIP steel the non-uniform corrosion was observed in the form of spots, small pits 

and areas with different color shade, while on TRIPLEX steel were formed deeper and larger pits. 

Gravimetric method confirmed higher corrosion of TWIP than TRIPLEX steel. Unacceptably high uniform 

corrosion on both high manganese steels was found out in the sulfuric acid solution.  
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Abstract  

Surface coatings protection is one of the most important processes ensuring efficient and economic use 

mostly of lower-quality of basic materials. At interface of cladded and basic material intermetallic phases are 

formed representing quite different matrix with dissimilar properties unlike the welded materials. One type of 

surface coating is explosive bonding which belongs to group of pressure welding. The work is focused on 

interface shape line, in-homogeneities in vicinity of the wave joint, both in basic material and in vicinity of the 

304 SS and Ti matrix weald line both in as-received state and after heat treatment carried out at 600°C/90 

minutes/air. Phase analysis was realised using of Synchrotron BW-5. Analysis from XRD showed 

intermetallic phases on the basis of Ti, Cr and Fe, whereas by second mentioned device Ti, Fe-fcc and Fe-

bcc were detected at interface area. However, intermetallic phases were not revealed.  

Keywords: Ti-Cr/Ni, explosive bonding, interface area, heat treatment, phase analysis 

1. INTRODUCTION  

Explosive welding enables to joint directly a wide variety of similar or quite different metals that cannot be 

joined using any other welding or bonding technique 1-3. The bonded materials show increased strength, 

resistance to abrasion and corrosion, or toughness in the applied surface layer of material, whereas the 

whole product does not necessarily be made from the same material. Bonding methods also significantly 

reduce material costs. With only few bits of information about the Cr/Ni stainless steel-titanium sandwich the 

presented work is focused on some metallographic parameters, intermetallic phases study using synchrotron 

(BW-5). The mentioned bimetal finds application in heavy chemical industry. 

2. EXPERIMENTS AND SOLUTION TECHNIQUE 

For study the Cr18Ni10 stainless steel and titanium matrix welded by explosion were used. Titanium was of 

commercial type and the anticorrosion steel had followed chemical composition (in wt. %): 0.04C, 0.45Si, 

1.96Mn, 18.42Cr, 9.74Ni, 0.065P and 0.011S. The samples of stainless steel and Ti sandwich were 

machined by mechanical cutting to avoid any change in microstructure. The thickness of anticorrosion steel 

and the Ti layer corresponded to 110 mm and to 6 mm (in sequence). For phase analyse samples of 

dimension was 20 x 20 x 10 mm. The samples were prepared as it follows: embedded to poly-fast, then 

grinded - P300, P600, P800, P1200, P2500 and polished 0.006 mm + H2O2 (PHOENIX 4000, Buehler) and 

finally etched in KROLL (100ml H2O + 6ml HNO3 + 3ml HF) - time was about 3 second.  

The sample was in the primary states and the used the heat-processed. Heat treatment (HT) had the 

following course: annealing temperature to 600 0C. Time held at the isothermal temperature was 1.5 h with 

subsequent cooling on the air. For both sample analysis of formed phases (in-homogeneities) close the weld 

line was carried out.  

mailto:dimitrij.o@seznam.cz
mailto:eva.mazancova@vsb.cz
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The XRD measurements were carried out using the BW5 experimental station [4] located at the DORIS III 

positron storage ring (energy 4.45 GeV, current 140-100 mA) at HASYLAB/DESY, Hamburg, Germany. The 

energy of the incident beam was 100 keV, lambda corresponded to 0.124 Å. The specimen was scanned 

shot-by-shot along a path of total length of 40 mm with step width of 1mm. During each step, the sample was 

illuminated by highly intensive hard X-rays for 2 seconds. The resulting 2D XRD patterns were recorded 

using a Perkin Elmer 1621 detector. The collected data were then integrated into 2 Theta space by using the 

FIT2D software [5]. The sample-detector distance, detector orthogonality with respect to the incoming 

radiation, as well as precise radiation energy was determined by fitting a standard reference LaB6 sample 

[6].  

3. RESULTS 

Fig. 1 shows 3D plot of obtained XRD patterns taken shot-by-shot going from the austenitic steel to the 

titanium. The picture clearly indicates abrupt change of the XRD pattern (roughly in the middle) 

corresponding to interface between this two materials.  

 Fig. 1 3D plot of obtained XRD patterns of bimetal Ti+Cr/Ni steel 

The XRD pattern from the interface region is shown together with patterns taken approximately 10 mm away 

from the interface in both directions (titanium and austenitic steel) as it from Fig. 2 follows. Titanium consists 

of sole hcp-Ti alpha phase (S.G.: P63/mmc, a=2.95Å, c= 4.6846Å) and austenitic steel consists of fcc-Fe 

phase (S.G. Fm-3m, a= 3.599Å). Interesting is the interface region where mixing of this two phases is clearly 

visible. Detail inspection of the pattern however brought us to conclusion that there are in addition few low 

intensive peaks (marked by the "o" sign) coming from a third phase. All existing phases between Fe and Ti 

listed in ICDD PDF2 database [10] has been checked, but position of the peaks match very well to pure bcc 

Fe phase (S.G. Im-3m, a= 2.866Å). So we can say that the interface region probed in area 1x1 mm consists 

of the hcp-Ti, fcc-Fe solid solution and bcc-Fe like phases. 

As in the samples without heat treatment of the approximately 10 mm into the Ti parts follows, hexagonal 

alpha and Ti phase were detected, 10 mm from the joint towards the fcc austenitic steel Fe-contained whole. 

In close vicinity of the bonding line mixture of alpha Ti phase as well as fcc-Fe can be seen. The same as 

samples without HT here can be seen at the joint presence of the bcc-Fe ferritic phase (Fig. 2). 

There are differences in the proportion of fcc-Fe in comparison with the sample without heat treatment which 

show its significantly lower level (approximately by 60 %, see diffraction maxima for images with "o"), from 

which we conclude that the deformation-induced transformation from bcc to fcc austenite to ferrite began 
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after heat treatment process and reduced the diffusion or other heat processes turned and cast bcc lattice is 

transformed back to the fcc phase. None other intermetallic phases haven't been detected by this method.  

 

 

 Fig. 2 XRD pattern from the interface region of Ti+Cr/Ni steel - comparison without and after HT  

By going down from the interface to steel, volume amount of the bcc-phase is rapidly decreasing, but 2 mm 

away from the border it still can be detected. 

4. CONSLUSIONS 

The results could be summarized as follows: In proximity of the bond line the metallographic observation 

locally revealed an occurrence of structural in-homogeneities in the form of molten zones showing various 

volume fraction of Ti-Cr-Fe-Ni, eventually with Mn and/or with Al and Si. Any other defects were not 

observed.  

The XRD pattern shows that the interface region probed in area 1x1 mm consist of the hcp-Ti, fcc-Fe solid 

solution and bcc-Fe like phases. Situation is the same in the samples without heat treatment and samples 

after HT. With little difference in the proportion of fcc-Fe is compared to a sample without heat treatment 

significantly smaller. Other intermetallic phases haven't been detected by this method. 
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Abstract  

Aim of this paper is to present the basic concepts of advanced high strength dual phase steels for 

automotive applications, including the design of chemical composition, microstructure and mechanical 

properties development during thermomechanical processing, characterization, production technology, and 

the potential applications of in-service performance. Dual-phase steel sheet steel has very good ability of 

absorption kinetic energy on impact and higher strength properties. A good combination of strength and 

ductile properties of dual phase steels can reduce weight and improve safety (strenght, stiffness, absorption 

energy) body.  

Keywords: Dual phase, reduce weight, autobody, strenght, absorption energy  

1. INTRODUCTION  

Research, development, design, construction, manufacture, marketing and customer support will be 

increasingly integrated so that they would work together as a single component virtually joining the clients, 

designers and manufacturers of automotive components. In this respect, the European Commission, in 

collaboration with other important consortia of steel companies implemented in recent years a number of 

projects: Ultra Light Steel Auto Body - ULSAB, Ultra Light Steel Auto Closures - ULSAC, ULSAB-AVC, FSV 

BEV and SuperLIGHT-CAR, where the key aim was the reduction in CO2 emissions and mitigate the climate 

changes. Requirements relating to reducing emissions and mitigating climate changes in the production and 

operation of the vehicles are required to reconcile with the requirements of the safety of passengers and 

pedestrians and also with power, legislative as well as designer ones [1]. 

The surviving of passengers (passenger safety) in an accident is determined by the size of the human body 

congestion and the occupant's survival space. Deformation work for plastic deformation of deformation zone 

components in the engine compartment and trunk must be consumed during crash for absorption of the 

impact kinetic energy. Thus, the larger the deformation work of components in the area of trunk and engine 

is, the less overloading of passengers occurs from the moment of contact of stronger and stiffer components 

in the front and the rear autobody part with a fixed barrier. Stronger and stiffer components in the area of cab 

must prevent during crash the penetration of autobody components into passenger compartment (cab). 

When designing the SuperLIGHT-CAR concepts the components of deformation zones in the area of engine 

and trunk were made mostly of DP steels - Dual Phase, TRIP steels - Transformation Induced Plasticity, 

TWIP - Twinning Induced Plasticity, ASS - austenitic steels. Components in cabin space (in the passengers 

zone) were made of ultra high strength steels (UHSS) with yield strength higher than 550 MPa (MART 

martensitic, FB ferritic-bainitic steels, TWIP steel - Twinning Induced Plasticity, CP-Complex Phase steel, 

hot-formed boron steels - formed hot, bored, steel heat-treated after forming - post forming heat treated) as 

well as TRIP, TWIP and austenitic steels with a certain degree of predeformation (e.g. hydromechanical 

forming). They were used also HSS steels with yield strength from 210 to 550 MPa and an tensile strength 

Rm from 270 to 700 MPa (HSIF - High-Strength Interstitial Free, HSLA - High Strength Low-Alloy, micro-

alloyed with BH effect, carbon -manganese; sheets, stampings and castings made of aluminum and 

magnesium alloys and also composites [1-5]. Material composition of the SuperLIGHT-CAR auto body 

components allowed to reach body weight reduction of 74 kg (27 %) and 115 kg (38 %). 

mailto:Emil.Evin@tuke.sk
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Steel sheets which fulfill these requirements include dual-phase ferritic-martensitic (F-M) steels. 

Microstructure of dual phase steels is composed of soft ferrite matrix and 10-20 % of hard martensite or 

martensite-austenite (M-A) particles. This type of microstructure allows achieving the yield strength Re in the 

range of 300 - 500 MPa and the ultimate tensile strength in the range of 500-1200 MPa. When the volume 

fraction of martensite exceeds 20 %, DP steels are often called partial martensitic. For some applications, 

also baintic constituent may be desirable in the DP steel microstructure [6-9].  

The required combination of strength-plastic properties of high strength steels for cold forming, it can be 

predicted by Hall Petch relationship as the additive effect of the various mechanisms of hardening. The 

contributions of hardening mechanisms in the martensitic structure according to include the solid solution 

substitution element hardening, the precipitation hardening, the primary austenitic grain size hardening and 

the martensite morphology hardening. The dominant hardening effect of martensite in dual phase steels is 

the carbon concentration in martensite. It is relatively difficult to formulate regression equations for the 

contributions of individual hardening mechanisms in martensite, as it is possible for polygonal ferrite, since it 

is impossible to separate individual hardening mechanisms in martensite [7]. 

2. EXPERIMENTAL PROCEDURE  

Experimental research for evaluating the strength and energy absorption and formability of sheets with 

higher strength properties was carried out on steels sheets of F-M produced by intercritical annealing 

(specimens designated A1, A2, A3, A4, C1,C2) and specimens by the method of controlled rolling 

(specimens denoted as C1,C2,C3,C4,C5). The volume proportion of the individual structural components 

and the ferrite grain size are in Table 1. Metallographic analysis of the materials A and B show that they 

have a fine-grained ferrite-martensite structure with martensite dispersion excluded in the form of small 

islands which form mainly in the area of the ferrite grain boundaries (Fig. 1). In the material C martensite 

formed large islands and ferrite and martensite grains 'alternated' (Fig. 2) [8]. 

Table 1 Volume fraction of the individual structural components 

Method of production Intercritical annealing Controlled rolling 

Designation of material A B C 

Designation of specimens A1 A2 A3 A4 B1 B1 C1G C2H C3I 
C4

J 
C5K 

Volume fraction of martensite (%)  19.9  25.4 20.3 27.9 31 31 25 52 25 27 29 

Volume fraction of ferrite (%) 80.1 74.6 79.7 72.1 69 69 75 48 75 73 71 

Ferrite grain size (μm) 4.3 3.1 4.3 3.1 3.8 4 4.5 4.2 4 3.6 4 

The materials C had a dual-phase structure. In many cases the second phase showed a morphological 

feature of martensite or a mixed nonpolyhedral structure. Based on the brief analysis of the metallo-graphic 

structure it may be concluded that a large difference was detected in the morphology on distribution of 

martensite in the materials A and B produced by intercritical annealing in comparison with the materials C 

produced by controlled rolling. 

To obtain the material properties the tensile machines TIRATEST 2300 and INSTRON were used. Curves of 

dependence of true stress on strain, normal anisotropy coefficient, yield strength, tensile strength and total 

elongation were evaluated in a requirements sence of STN EN 10 002-1, STN EN 42 0435 and  

STN10130:1991 standards. Values of mechanical properties are given in Table 2. 
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 Fig. 1 Structure of material A1                  Fig. 2 Structure of material C1 

Table 2 Mechanical properties 

Material Yield 

strength 

Re [MPa] 

Tensile 

strength 

Rm [MPa] 

Total 

elongation 

A50 [%] 

Uniform 

(homogenous) 

deformation 

Strain- 

hardening 

exponent n 

Constant 

K 

[MPa] 

Plastic 

strain 

ratio r 

DC 04 210 350 40     0.251 0.2 470 1.6 

A1 299 593 31 0.242 0.229 1076 1.01 

A2 361 647 26 0.212 0.196 1113 1.03 

A3 304 596 30 0.238 0.211 1052 1.05 

A4 361 646 24 0.195 0.18 1073 1.04 

B1 443 792 22 0.188 0.184 1336 0.71 

B2 437 791 22 0.180 0.166 1270 0.82 

C1 460 646 24 0.189 0.166 1070 0.81 

C2 492 733 15 0.130 0.13 1153 0.63 

C3 464 624 23 0.185 0.167 1085 0.82 

C4 458 656 27 0.206 0.172 1070 0.671 

C5 495 627 21 0.174 0.165 1080 0.78 

3. DISCUSION OF OBTAINED RESULTS  

Based on experiences of designers it is possible to define the requirements for materials from the viewpoint 

of static strength and energy absorption reliability [3]. Effectiveness of static strength (Fig. 3) 
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Where YS0,2 is yield strength, 

      UTS - tensile strength, 

 εr - uniform (homogenous) deformation. 

 n - strain hardening exponent 

      K - strength coefficient. 
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Comparison of the mechanical properties specified in the material of the sheets of the material DC 04 with 

the measured values obtained for the examined materials of the F-M steels (Table 2) show that the yield 

strength (Re =299-495 MPa) and the tensile strength (Rm=593-792 MPa) of all materials was higher that of 

a mild steel DC 04. Approximately the same volume fraction of martensite in the structure  

the materials produced by intercritical annealing had lower yield limit values than the materials produced by 

 
 Fig. 3 Schematic illustration of true 

stress-true strain curve 

 
 Fig. 4 The dependence of the deformation properties on the 

volume fraction of martensite 

 

controlled rolling. The elongation values (A50=15-31 %) of specimens A, B and C varied in the range of 

materials suitable for slight drawing or bending and for other materials in the range of materials unsuitable 

for deep-drawing. As in the case of strength, the deformation properties values showed no large difference 

between the materials produced by intercritical annealing and the materials produced by controlled rolling.  

Calculated values of the effectiveness of static strength and energy absorption according to equation (1, 2, 4, 

6) for high strength dual phase steels has been compared to the steel sheets DC 04 - Fig. 5 and Fig. 6. 

These results indicate the potential for weight reduction from 42 to 135 % with equivalent energy absorption. 

As it was mentioned the most of the inner bearing construction elements of car body are made of steel 

sheets. These elements are produced by operations of bending, stretching and deep drawing. During 

bending deformation occurs to the deformation hardening only in small part of bend (in local deformation) of 

stamped part, in undeformed parts (in straight parts of stamped part) deformation-strain hardening doesn’t 

occurs. Stamped parts produced by bending show non-homogenous distribution of deformation. During 

deep-drawing and stretching operation occurs to deformation of the stamped parts on whole area, and also 

to strain hardening. More homogenously is deformation distributed at stretching as at deep drawing. It is 

required to calculate with strain hardening but also with interstitial hardening (BH effect- increasing the 

strength about approximately 30 to 60 MPa), to optimize the material selection, that increase the strength.  

nK  .              (3) 

The exponent of strain hardening of the material react very sensitively to the change in the condition of the 

structure and substructure of the material and enable the limit of the loss of plastic stability, reduction area , 

to be expressed more accurately. Up to this limit there is a guarantee that plastic deformation doesn’t lo-

calize and there is no subsequent failure of the material. Then effectiveness static strength by 5 % degree of 

deformation can be calculated according to equation 
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Comparison of the constant K specified in the material of the sheets of the material DC 04 with the measured 

values obtained for the examined materials of the F-M steels (Table 2) show that the constant K (K=1052-

1336 MPa) of all materials was higher that of a steel sheets DC 04 and the values of the exponent of strain 

hardening of materials produced by intercritical annealing were greater or comparable with the DC 04. 

Materials produced by rolling have shown lower values of strain hardening exponent as DC 04. Ap-

proximately the same volume fraction of martensite in the structure of materials produced by intercritical 

annealing had higher strain- hardening exponent and constant K values than the materials produced by 

controlled rolling. The results confirmed the interaction effect of ferrite and martensite reflected in an 

increase of dislocation density in ferrite and at the ferrite-martensite boundary and in an increase in flow 

stress. However, at assumption that at production of certain stamped part 5 % (ε=0.05) deformation and true 

stress is expressed by relation (4), dual phases materials shows approximately from 100 to 200 % higher  

 
Fig. 5 Comparison of strength of materials tested with reference material DC 04 

 
Fig. 6 Comparison of energy absorption of materials tested with reference material DC 04 
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strength as reference material DC 04 - Fig. 5. The increasing in fatigue strength is equivalent no matter if the 

increase of yield strength is due to work hardening. Dual Phase-steels exhibit of strain hardening effect, i.e. 

sustain higher stresses at increased deformation. This effect corresponds to increase in load car crash to the 

reference material - Fig. 6. Then the strain work can be calculated according to equation (5):  
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and effectiveness of energy absorption by 5 % degree of deformation  
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4. CONSLUSION  

Dual phase steel sheets represent progressive material, but constructors often do not know its advantages in 

comparison with classical steel sheets. In the article, about prediction of strenght, capability of the bodywork 

to absorb energy during crash accident and also formability (deep drawing capacity a stretching capacity) of 

dual phase ferit-martensite steel is debated. Strength of auto body and its capability to absorption energy 

was quantified based on comparison of mechanical properties of dual phase steel sheets to mechanical 

properties steel sheets DC04. From this comparison one can see that dual phase steel have 42 and 135 % 

higher values of strength and also higher values of deformation work. In case of production of steel sheets 

by stretching with deformation higher than 5 % the increase of stress to 100 - 200 MPa occurs. 
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Abstract 

The presented contribution is devoted to evaluation of hydrogen diffusion characteristics in the TRIP 800 

steel, based on C-Mn-Si-P composition, i.e. in steel with increased phosphorus content. Steel was studied 

after standard heat treatment, including intercritical annealing and annealing in the range of bainitic 

transformation. Hydrogen diffusion characteristics in the TRIP 800 steel were obtained by means of 

electrochemical permeation method. Specimens were used in the form of thin discs with thickness of 0.5 mm 

approximately. The output sides of specimens were palladium coated to prevent hydrogen recombination 

when leaving specimen. Diffusion characteristics of hydrogen were obtained by recording output current 

density as a function of time. Experimental procedure included preliminary hydrogen charging followed by 

polarization reversion to activate specimen surface. After that two hydrogen chargings were performed with 

an increasing current density. Hydrogen diffusion coefficient in the TRIP 800 steel was calculated from all 

build-up transients and also from a decay transient at the end of experiment. The lowest hydrogen diffusion 

coefficient was observed at the first hydrogen charging, which reflected hydrogen trapping during this period 

of experiment. The highest measured hydrogen diffusion coefficient was recorded during last hydrogen 

charging. Its value was 5·10-7 cm2·s-1 approximately, which is much lower in comparison with common steels 

having bcc crystal lattice. This fact can be attributed to the presence of about 9 % of retained austenite in the 

structure of the steel. Subsequently, hydrogen surface concentration at the input surface was calculated, 

giving very high level in tens ppm of H. 

Keywords: Hydrogen embrittlement, TRIP steel, electrochemical permeation of hydrogen. 

1. INTRODUCTION  

Transformation induced plasticity (TRIP) steel represents a type of advanced high-strength steel which 

demonstrates superior mechanical performance of high strength and very good fracture toughness. The 

properties of TRIP steels depend on an optimal chemical composition, and it is essential to include elements 

that inhibit cementite and/or carbide precipitation to ensure that a sufficient quantity of retained austenite 

(RA) remains in the steel microstructure at ambient temperature [2]. The optimal content of retained 

austenite is in the range 10 %-15 % [1,2]. Conventional TRIP steel alloying elements are: Mn (approx. 1.5 

wt %), Si (approx. 1.5 wt %), and/or Al, which can more or less substitute for Si [3, 4]. TRIP steels containing 

phosphorus have also been tested in other works [5]. The use of different elements is related to their 

influence on hot-dip galvanizing. The carbon content of TRIP steels with a tensile strength up to 1000 MPa is 

approx. 0.2 wt % [1]. Optimal mechanical properties are achieved using a proper heat treatment that usually 

includes a two-step annealing: intercritical annealing and annealing in the region of the bainitic 

transformation. During both annealing processes, the retained austenite is enriched by carbon up to 1.0 % or 

even more [1]. This provides stability to the austenite at ambient temperatures [2]. However, TRIP steels are 

susceptible to hydrogen embrittlement and also to delayed fracture. Only few works were devoted to the 

hydrogen embrittlement of the TRIP steels [6-8]. Hydrogen embrittlement is influenced by diffusion 

characteristic of hydrogen in steels. In this field, however, information is really sporadic [9,10]. Ly studied [9] 

hydrogen diffusivity in C-Mn-Si TRIP 800 steel by means of electrochemical permeation of hydrogen. She 

found rather low hydrogen diffusion coefficient in the studied steel; on the contrary surface concentration of 
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hydrogen was very high compared to different advanced high strength steels (AHSS). Kim et al. [10] 

performed in-situ observation of the change in hydrogen permeation in C-Mn-Si-Al TRIP steel. The lowest 

value of hydrogen diffusion coefficient was observed in the state with 13.2 % of retained austenite (RA), 

while the highest value was determined after straining resulting in 0 % of RA. 

The aim of the presented paper is to evaluate hydrogen diffusion characteristics in the C-Mn-Si-P TRIP 800 

steel by means of the electrochemical permeation method. A special procedure of hydrogen permeation was 

used to be able to analyze correctly the surface concentration of hydrogen, too.  

2. EXPERIMENTAL  

Experiment was performed on the TRIP 800 steel based on C-Mn-Si composition but with increased 

phosphorus content. Chemical composition of the investigated steel is given in Table 1. 

Table 1 Chemical composition of the investigated TRIP steel (in mass %) 

C Mn Si P S Cr Ni Cu V Al Nb 

0.20 1.50 1.50 0.050 0.005 0.16 0.15 0.06 0.02 0.006 0.02 

Initial material was prepared as laboratory heat with the ingot mass of 150 kg. Details concerning further 

manufacturing of the material were given in [11]. The final product represented sheets with thickness of 1.50 

mm. Investigated steel displayed following mechanical properties in the initial state: yield strength Rp0.2 = 

417 MPa; ultimate tensile strength Rm = 944 MPa and elongation at fracture A50 = 24 %.  

Microstructure of the studied steel was observed by means of light microscopy (LM) and scanning electron 

microscopy (SEM); retained austenite content was determined by means of X-ray analysis using Co K 

source (=0.17902 nm). 

The electrochemical hydrogen permeation tests were carried out using a Devanathan-Stachurski two-

component cell separated by the steel membrane - working electrode. Both sides of the working electrode 

were polished mechanically up to 1200 grinding paper. After that, exit side of the working electrode was 

palladium coated to prevent from the hydrogen atom recombination during permeation experiments [12]. 

Hydrogen charging cell was filled with 0.05M H2SO4. The hydrogen exit cell was filled with 0.1 M NaOH 

solution. Both cells were de-aerated by argon bubbling before and during experiments. At the beginning of 

the experiment open circuit potential (OCP) was measured at the exit cell using a saturated sulfate electrode 

(SSE) as a reference electrode and a platinum wire as an auxiliary electrode. After measuring OCP exit 

surface of the working electrode was polarized anodically to a value higher to 50 mV with respect to OCP. 

The hydrogen permeation current was recorded using a VOLTALAB 10 potentiostat during experiments.  

After residual current stabilization, first, preliminary permeation transient was performed at a charging current 

density of -15 mA·cm-2. After the permeation current reached its steady-state level, the entry side was 

polarized anodically at a current density of + 35 mA·cm-2 to refresh the membrane surface by an anodic 

dissolution and to extract, at least partially, diffusive hydrogen. At the end of this period (5 - 10 minutes), 

H2SO4 charging solution was renewed continuously to eliminate metallic ions. After that, two build-up 

transients were recorded, the first one at the charging current density of -15 mA·cm-2, the second one at the 

charging current density of -30 mA·cm-2. Before ending the experiment the charging was stopped and a 

decay transient was also recorded. The apparatus used for hydrogen electrochemical permeation 

measurements is shown in Fig. 1. 
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 Fig. 1 The apparatus used for electrochemical permeation of hydrogen 

3. RESULTS AND DISCUSSION 

3.1  Microstructure 

Microstructure of the studied steel was the same from the viewpoint of both light and scanning electron 

microscopy. The fine-grain microstructure consisted predominantly of proeutectoid ferrite and bainite. In 

some locations, it was possible to assume the presence of small regions of martensite. It was impossible to 

identify any retained austenite using either light or scanning electron microscopy. The average grain size of 

ferrite was determined as the mean intercept length using digital image analysis employing the Image 

ProPlus software package. The mean intercept length of ferritic grains was 4.5±0.5 m. The percentage area 

of ferrite was evaluated by point counting method and its value was 51±2 %. An example of the 

microstructure obtained using light microscopy after Nital etching is shown in Fig. 2a and only regions of 

ferrite and bainite can be clearly distinguished in this micrograph. In Fig. 2b, microstructure observed by 

SEM is presented. To a small extent, non-metallic inclusions were observed in the studied steel. These 

inclusions were identified as either aluminum oxides, or manganese sulfides.  

The content of retained austenite was determined using X-ray diffraction analysis. A mean value of 9.0±2.0 

% of RA was obtained for the studied steel. 

3.2  Electrochemical permeation of hydrogen 

An example of hydrogen permeation curve is shown in Fig. 3. It shows that during the first permeation the 

output current density, i.e. the hydrogen flux, is the lowest. Much higher values of hydrogen flux are 

observed for the two build-up transients that follow the period of anodic dissolution. It can be deduced from 

the curve that the entry of hydrogen is really inhibited during the first permeation, which was already 

described by Jerome [12]. This behavior is attributed to the passivation of the surface in an acid 

environment. The hydrogen entry is accelerated after the anodic dissolution of the entry side is performed.  
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After the second build-up transient the steady-state current decreases considerably in time. This can be 

related to changes of the entry side of the specimen (working electrode) [12]. 

   

 Fig. 2a Microstructure of the TRIP steel (LM)      Fig. 2b Microstructure of the TRIP steel (SEM) 
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 Fig. 3 Example of hydrogen permeation curve for the C-Mn-Si-P TRIP steel 

Hydrogen diffusion coefficients D were calculated using the time-lag method according to the following 

equation: 

Lt

L
D

6

2

 ;            (1) 

where L is a membrane thickness and tL corresponds to the point where the permeation current reaches 63 

% of its steady-state value. Surface hydrogen concentration CH
0 was calculated by the following equation: 
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DF

Li
CH

0
;            (2) 

where i∞ is a steady-state current and F is Faraday’s constant.  

Obtained results of hydrogen diffusion coefficients D and surface hydrogen concentration CH
0 are 

summarized in Table 2. 

Table 2 Results of hydrogen diffusion coefficients D and surface hydrogen concentration CH
0 

Order of permeation Diffusion coefficient of 
hydrogen (cm2·s-1) 

Surface concentration of 
hydrogen (mol H·m-3) 

Surface concentration of 
hydrogen (mass ppm) 

Preliminary permeation 9.5·10-8 was not calculated was not calculated 

1st build-up transient 

(-15 mA·cm-2) 

2.0·10-7 160 20.3 

2nd build-up transient 

(-30 mA·cm-2) 

5.6·10-7 184 24.4 

Decay transient 3.3·10-7 65 8.3 

It is evident from Table 2 that hydrogen diffusion coefficient corresponding to the preliminary permeation is 

extremely low for a steel having in majority bcc crystal lattice. This low value of D can be attributed to the fact 

that hydrogen, during his passage through the membrane, must fill all kinds of traps, both reversible and 

irreversible. Interface between retained austenite and the matrix represents the most important irreversible 

traps in the TRIP steels. The values obtained for the 1st and 2nd build-up transients as well as for decay 

transient are higher by one order in comparison with preliminary permeation. These values are in good 

agreement with values that Ly [9] found for C-Mn-Si TRIP steel (1.3 - 6.9·10-7 cm2·s-1) and also with the 

value that Kim and al. [10] observed for C-Mn-Si-Al TRIP steel containing 13.2 % of RA. In [10] the value of 

hydrogen diffusion coefficient was 1.0·10-7 cm2·s-1, which is value very close to that we found for the first, 

preliminary build-up transient. Our study also confirmed very high values of surface hydrogen content found 

by Ly [9]. Ly found surface hydrogen concentration in order of tens wt. ppm for the C-Mn-Si TRIP 800 steel, 

which was much higher than surface hydrogen concentration for other AHSS she studied. We can deduce 

from these results that a higher concentration of diffusible hydrogen can be expected in the TRIP steels. As 

equilibrium exists between the concentration of diffusible hydrogen and reversibly trapped hydrogen, the 

higher the concentration of diffusible hydrogen, the higher will also be the concentration of reversibly trapped 

hydrogen. Accepting this concept, we can expect high hydrogen concentration around all sites in the TRIP 

steels, which can provoke hydrogen embrittlement, e.g. around non-metallic inclusions. In this way it is 

possible to explain rather high level of hydrogen embrittlement of the TRIP steels found in [6] for high 

hydrogen contents. 

4. CONCLUSIONS 

The presented paper was devoted to evaluation of diffusion characteristic of hydrogen in C-Mn-Si-P TRIP 

800 steel tested by electrochemical permeation method. A special procedure was performed to overcome 

some difficulties of this technique. The obtained results can be summarized as follows: 

 During the first, preliminary permeation a weak value of hydrogen diffusion coefficient was observed, 

very probably due to the fact that all kinds of traps had to been filled during the passage of hydrogen 

through the membrane. Furthermore, the hydrogen flux was very low too, which can be attributed to 

the passivation of the membrane entry side, which hindered hydrogen entry. 
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 The other build-up transients, as well as decay transient gave values of hydrogen diffusion coefficient 

between 2.0·10-7 cm2·s-1 and 5.6 10-7 cm2·s-1 which are in good agreement with results for other TRIP 

steels (C-Mn-Si and C-Mn-Si-Al). 

 High surface hydrogen concentration was observed for the studied steel which is also in agreement 

with results for other studied TRIP steels and which can explain rather high susceptibility of TRIP 

steels to hydrogen embrittlement despite the higher retained austenite content. 
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Abstract 

The 34CrMo steel is widely used material type for various applications, including high strength ones such as 

piping, offshore applications or materials for storage of natural gas. High level of mechanical properties is 

most commonly achieved by variety of heat treatment. In this paper resistance of the 34CrMo steel to 

sulphide stress cracking (SSC) is investigated as it is required by the certification authorities in case of 

materials for high pressure steel cylinders and vessels used for CNG (compressed natural gas) storage. The 

specimens were prepared by special machining methods to obtain three sets with different final surfaces 

roughness. Differences in the SSC are discussed.  

Keywords: High pressure steel cylinders, surface treatment, sulphide stress cracking 

1. INTRODUCTION  

High pressure cylinders and vessels are more and more widely used in the CNG transportation and storage. 

In this case, great emphasis is placed on the safety of those devices. Natural gas can contain H2S as a 

contaminating element, which steel highly degrades. The basic principle of the SSC procedure is a 

generation of hydrogen ions by reaction between the wet hydrogen sulphide and the exposed steel. Steel 

microstructure can absorb this atomic hydrogen, which can be caught in hydrogen traps [1-3]. Under specific 

conditions in located areas hydrogen is able to increase the total localised stress exceeding the one of 

maternal matrix and crack formation is typical result. The SSC is influenced by inclusions and precipitates 

presence in matrix. Their number, size and distribution play a great role, as well as microstructure type, 

dislocation density, grain size, segregations, applied loading, strength level of steel and last, but not least 

roughness of surface including “micro-notches” on the surface [4].  

    a)                                       b)  

  

Fig. 1 SSC specimen a) without the notch presence, b) with the notch presence 

Presented paper is aimed at the comparison of the influenced of variety surface machining processes 

applied on a high strength version of the steel 34CrMo4 (yield stress higher than 1 000 MPa) to achieve the 

best SSC resistance. Presented paper is also partially targeted on overall resistance verification of such 
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high-strength versions of mentioned steel type to the SSC. In main focus are surface roughness parameters 

as surface roughness “Ra” and especially the presence of above mentioned “micro-notches” Rt. Those 

“micro-notches” are concentrators of stresses and represents prime hydrogen traps and consequently high 

potential locations for preferential crack formation, see Fig. 1. On the basis of reached results one type of 

surface machining process as the best from point of view of the best hydrogen resistance is suggested. 

2. EXPERIMENTAL PROCEDURES AND RESULTS 

For investigation 34CrMo4 steely type was used. Chemical composition of investigated steel was analysed 

by the optical emission spectrometer Spectrolab 2000 and is summarized in Table 1. 

Table 1 Chemical composition of 34CrMo4 steel (wt. %) 

C Si Mn Cr Mo S P N V 

0.37 0.34 0.88 1.19 0.24 0.004 0.014 0.124 0.067 

The production of the high pressure steel cylinder (HPSC) was based on the reversed extrusion, hot rolling 

to the final 10.2 mm wall thickness and final necking (closing the spherical top of the cylinder). Specimens 

were cut out (extracted) of the HPSC wall after the heat treatment consisting of quenching and tempering.  

First two sets (further marked as HT1 and HT2) of specimens were heated at the austenitizing temperature 

with consequent quenching and next high temperature tempering. Last two sets of specimens were prepared 

by the heating in the inter-critical temperature area and quenching at the temperature of 300 - 400 ˚C (further 

marked as HT3 and HT4). 

Preparations of specimens were based on the cutting of rough prisms, rough machining to achieve the 

approximate shape and cutting the threads and as a final step 3 different types of surface machining were 

applied. Those methods were grinding by the diamond pastes with the final maximal roughness Ra lower 

than 0.2 μm, honing with the final roughness Ra lower than 0.1 μm and as the third method was the lapping 

with the Ra lower than 0.05 μm of the final roughness applied. The preparation of three types of final surface 

machining resulted in three sets of specimens. 

The evaluation of mechanical properties was also carried out. This process was based on the yield strength 

(YS) and tensile strength (TS), elongation (El.), notch impact energy (CVN) and hardness (HBW) testing. 

Mentioned procedures were necessary to confirm that the material was complying the mainly desired 

mechanical properties (YS higher than 1000 MPa and El. higher than 14 %). Entire testing of tensile 

properties was carried out using the Zwick/Roell Z 250 machine according to EN ISO 6892-1 standard. The 

testing of notch impact energy was tested by use of RKP 450 Charpy Impact Testing Machine According to 

ISO 148-1 standard and hardness measuring was realized on the hardness testing machine M4U750 

according to EN ISO 6506-1 standard. After the mechanical properties testing, the metallographic 

observation followed. Metallographic samples were prepared in longitudinal direction by the classic methods 

of grinding, polishing and afterward etched in Nital. Mixed microstructure contained tempered martensite, 

partially low bainite, acicular ferrite, eventually idiomorphic ferrite as Fig. 2 shows. Metallographic 

observation was realized by use of the light microscope Neophot 21. 
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a)   b) 

    
c)  d)       

   

 Fig. 2 Microstructure image of specimens after heat treatment a) HT1, b) HT2, c) HT3, d) HT4 

Before the actual carrying out the experiment, the roughness values by use of Hommel-Werke T 2000 

machine were found, as shown in Fig. 3. Two parameters of each sample sets were monitored according to 

ČSN EN ISO 4287 standard. The Ra represents the average surface roughness of the cylindrical and radius 

sample’s part and the Rt, represents the deepest “micro-notch“ detected on the cylindrical sample’s part, see 

Figs. 4 and 5. Results of the roughness measuring are shown in Table 2. 

 

Fig. 3 Verification of Ra and Rt values    
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Fig. 4 “Micro-notches” on cylindrical part         Fig. 5 “Micro-notches” on radius part 

Table 2 Final values of the surface roughness 

Set’s description Ra [μm] Rt [μm] 

Max. Ra ≤ 0.2 μm 0.19 2.61 

Max. Ra ≤ 0.1 μm 0.1 2.96 

Max. Ra ≤0.05 μm 0.05 1.35 

Table 3 Final results of dwell times of specimens 

Microstructure 

Max. 
surface 

roughness 
Ra [µm] 

Pressure 
[kPa] 

Specified 
minimum YS 

(SMYS) 

Tensile 
load of 
SMYS 

Dwell time 
[h] 

pH 
Solut.  

Mixed structures with 
significant banding 

0.2 

0,414 980 60 % 

5, 6, 10, 4 

4 0.1 8, 3, 4, 3 

0.05 7, 5, 4, 6 

Mixed structures with 
mild segregation 

banding 

0.2 

0,414 980 60 % 

4, 4, 6, 3 

4 0.1 2, 1, 2, 2 

0.05 2, 2, 2, 3 

Mixed structures with 
mild grain size and 

eliminated segregation 
banding 

0.2 

0,414 980 60 % 

3, 2, 1, 3 

4 0.1 1, 3, 2, 1 

0,05 2, 1, 2, 2 

Mixed structures and 
ferrite with 
significant 

segregation banding 

0.2 

0,414 980 60 % 

2, 2, 2, 1 

4 0.1 3, 2, 2, 2 

0.05 3, 3, 4, 2 
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After the roughness measurement actual SSC testing started. Specimens were exposed in the solution of 

distilled water buffered with 0.5 % sodium acetate tri-hydrate and saturated by the hydrogen sulphide. This 

procedure was carried out according to ISO/DIS 11349.2 standard, which is suitable specially for the SSC 

testing of pressure vessels and cylinders. The applied load of samples was exactly on the 0.6 of minimal 

prescribed YS. Start and also finish pH of the corrosion solution was set up exactly to 4.0 and the pressure in 

the testing chambers was set up according to above mentioned standard. Final results of dwell times for 

each specimen of specimens set after the exposure in H2S simulating corrosion environment are presented 

in Table 3. 

 a)   b) 

  

 Fig. 6 Fracture surface of specimens after heat treatment a) HT1, b) HT2 

a)    b) 

  

 Fig. 7 Fracture surface of specimens after heat treatment a) HT3, b) HT4 
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Above presented Figs. 6 and 7 represent fracture surfaces with typical cracks distribution and morphology 

for the SSC exposed samples. Observation was realized by use of the scanning electron microscope SEM 

JEOL JSM-6490 equipped with X-ray analyser EDA.  

3. DISCUSSION 

As it is presented in Table 3, results of values of dwell times do not differ significantly. “Micro-notches” up to 

the depth of 2.96 μm incurred during the machining probably do not represent a significant increase in 

susceptibility to SSC. During the testing, the SSC resistance of high strength version of steel 34CrMo4 was 

observed and evaluated. Fracture analysis revealed the typical morphology of the fracture surface, with the 

extensive network of cracks. Fracture surfaces predominantly show quasi cleavage morphology with lower 

portion of ductile ridges. The finest fracture facets were observed in case of the HT3, where also the finest 

microstructure was revealed. In comparison with that mentioned heat treatment mode, fracture surfaces of 

the HT1 and HT2 were practically similar, even when microstructures showed slight differences as Fig. 2 

demonstrates. However, in case of the HT1 more ductile ridges were observed. Fracture surface of the HT4 

showed maximum volume fraction of dimples also thanks to numerous intra-granularly precipitated out 

carbides as can be seen in Fig. 3b.    

The initiation of above mentioned cracks could be inter-granular or in area of coarser inclusions, which were 

detected on basis of Mg-Al-Ca(Mn)S oxi-sulphides. The origin and the distribution of the mentioned cracks 

was not the topic of this paper but will be target of a future work.  

4. CONCLUSION 

From perspective of evaluation and the results of specimens dwell times, it is not possible to determine one 

of three used methods of machining as the most suitable for the SSC specimens machining. The differences 

between the roughness 0.2, 0.1 and 0.05 were observed and evaluated and were not significant. The 

ISO/DIS 11349.2 standard permits the maximum roughness Ra ≤ 0.81 μm so the decrease of SSC resistivity 

can be expected with the more rapid increase of roughness up to the 0.81 μm. This will be the objective of 

the next work. 
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COMPARISON OF THE HEAT AFFECTED ZONES AND BASE METALS OF 0.5-9 % Cr 

STEELS TO HYDROGEN EMBRITTLEMENT SENSITIVITY 

Anna VÝROSTKOVÁ, Roman MACKO, Juraj BLACH, Lucia ČÍRIPOVÁ 

ÚMV SAV - Košice, Kosice, Slovakia, EU, avyrostkova@imr.saske.sk  

Abstract 

Sensitivity of Cr-Mo-V structural steels and their weld joints to hydrogen embrittlement (HE) has been 

judged. Base metals of four classes of the steels and their heat affected zones (HAZ) have been investigated 

in the as received (post weld heat treated - PWHT) and annealed states. Annealing at 565 °C for up to 3000 

h was used to simulate the exploitation conditions. 

Electrolytically charged samples with notch in the base metal and the HAZ were broken using the tensile 

test. The results have been compared with the respective samples without hydrogen charging. This enabled 

to evaluate so called embrittlling index EI and compare the fractures (SEM-scanning electron microscopy) of 

individual experimental states with and without hydrogen charging. 

Even if the values of the EI for 9 %-Cr alloys show the highest resistance to hydrogen embrittlement, 

fractography indicates something different. This discrepancy is later discussed from the viewpoint of 

microstructure of the experimental states.  

Keywords: Hydrogen embrittlemet, Cr-rich creep resistant steels, heat affected zone, notch tensile test 

1. INTRODUCTION 

In our previous paper [1] the hydrogen embrittlement sensitivity of the HAZs of the weld joints was reported. 

Of the four used base metals (15 128, T24, T91, T92), the highest index of embrittlement (EI) using notch 

tensile test was found in the case of 0.5Cr steel STN 15 128. The best results were achieved for 9Cr material 

T92. Detailed study of the fracture surfaces after the test raised more questions concerning the behaviour of 

the materials exposed to the hydrogen influence. These were caused by specific problems related mainly to 

the use of dissimilar 0.5Cr/T24WM/T91 weld, when the big differences in base metals mechanical properties 

often led to the fracture in the weakest material in spite of the sharp notch location and/or the diameter 

reduction in the strongest material area.  

That is why the additional tests have been performed for the same base materials without welding. This 

enabled calculating also the EI based on the sample area reduction, the yield stress evaluation, achieving 

the fracture surfaces for the defined material, etc.  

In this contribution the behaviour of four above mentioned 0.5-9 % Cr creep resistant steels as the base 

metals (BM) and as a part of the HAZ is compared after hydrogen charging.  

2 MATERIAL AND METHODS 

Commercial tubes ø 38x5.6 mm have been used for the experiment. Chemical composition is given in  

Table 1. The material was isothermally annealed at 565 °C for 100, 1000, 3000 hours. Then samples for the 

tensile tests with notch were prepared from as received (AR) and annealed states, with ø 4 mm diameter and 

M6 thread. Notches 0.5 mm were located in the middle of gauge. The tensile tests were performed at cross-

head speed of 0.5 mm/min. Before the tests the samples were hydrogen charged for 24 h in solution 

consisted of 1M HCl + 0.1N N2H6SO2. 

mailto:avyrostkova@imr.saske.sk
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Table 1 Chemical composition of the experimental material. 

Material C Si Mn Cr Mo Ni V Ti Nb N 

15128 0.14 0.33 0.54 0.45 0.57  0.25    

T24* 0.08 0.21 0.53 2.44 0.95 0.18 0.36 0.053 0.002 0.007 

T91* 0.1 0.38 0.49 8.5 0.94  0.23  0.069 0.043 

T92* 0.11 0.38 0.49 9.08 0.31+1.6W 0.33 0.2   0.056 

*T24 + 0,004B, T92 + 0,023B 

Fracture analysis was done using SEM and the sensitivity to hydrogen embrittlement was evaluated by 

means of embrittling index EI in the form 

 0

0

Rfr

RfrRfr
EI H



                                   (1)  

where Rfr0 and RfrH are values of fracture stress without and with hydrogen, respectivelly and on the base of 

true fracture deformation εfo; = ln (A0/Af), εfH = ln (A0H/AfH), when EI = (εfo - εfH) / εfo, where A0, A0H and AF, AFH 

- cross sections before and after the fracture, respectively. H means after hydrogen charging.  

The materials and methods are exactly the same as those used for the weld joints described in [1]. In case of 

the welds the PWHT was applied as follows: tempering at 720-730°C /2h for the dissimilar weld and at 

760°C/2h for T92 weld. Weld joint T24/T24 was not treated after welding. 

3 RESULTS AND THEIR DISCUSSION 

3.1 Notch tensile test 

Tensile strength and yield stress values for all steels with and without hydrogen are given in Fig. 1 and 2 

respecitvelly. The values of tensile strength (Rm) are generally higher by 100 - 220 MPa (Fig. 1) than those 

of yield stress (Re) with the biggest difference observed in T24 and T92 materials (Fig. 2). However, both 

Rm and Re. 

    

 Fig. 1 Relationship of the tensile strength on the annealing time at 565 °C 

decrease rather sharply with annealing time regardless of hydrogen presence. This tendency could be 

explained by the growth of precipitates and the continuation of recovery processes at the annealing 

temperature. The contribution of temper embrittlement can not be excluded, as well. 

Both properties are higher by 50-120 MPa after hydrogen charging, with the exception of AR states and T92 

material-AR. The differences between the sample with and without hydrogen charging are slightly higher in 

case of Re. There is not unambiguous opinion concerning the influence of hydrogen on the Re values. In [2, 
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3] described results of notch tensile tests for Ni-based alloys show different tendencies for different chemical 

compositions. Depending on the chemical composition both Re and Rm increased, or Re raised and Rm fell. 

For stainless steels Re slightly increases or decreases, Re should not change [4]. Structural Cr-Mo-V steels 

are sensitive to hydrogen embrittlement what can manifest itself via Re reduction [5]. It is not surprising if we 

realize that the hydrogen embrittlement sensitivity and mechanisms of HE are influenced by materials 

themselves, their properties, microstructure, stress state, the way and conditions of hydrogen adsorption and 

diffusion in a material, inner and outer conditions, etc. 

If we compare the relationship of Rm for the BM in Fig. 1 with the relationship for the relative HAZ in [1], the 

difference is evident. Values of Rm in the HAZ are higher, in the not charged states they slightly increase 

(HAZ 15 128, T91) or stay on the same level without a change up to more than 3000 h of annealing (HAZ 

T24, T92) after which they all start declining down. Hydrogen charged states keep close to the Rm values 

without charging. Higher Rm values in the HAZ regions could result from the stress state of the area 

characteristic also by heterogeneous microstructure that is in less recovered state in comparison to the BM 

not influenced with welding processes.  

  

  

 Fig. 2 Relationship of the yield stress on the annealing time at 565 °C 

3.2 Microstructure 

Microstructure of experimental alloys after the annealing at 565 °C for 1000 h is given in Fig. 3 to illustrate 

the differences between the materials used. Fig. 2a represents the tempered ferrite+bainite mixture in 

15 128 steel, Fig. 2b shows ferrite+carbide mixture resulted from tempering of former martensite+bainite 

microstructure of 

T24 steel. In both 9Cr steels the former martensitic microstructure is clearly visible after the underwent 

thermal exposures thanks to secondary particles precipitated at all kinds of boundaries, as shown in Fig. 1c 

(T91) and 1d (T92). In the LM any details could not be observed between charged and not charged samples. 

Scanning electron metallography has shown the increase in the density of secondary particles precipitated in 

the ferritic part of 15 128 material microstructure already after 100 h annealing. In the microstructure of T24, 

T91 and T92 materials after 1 kh annealing the growth of particles at the grain boundaries has been 
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observed. The particles were identified as Mo-rich M6C and Fe-Cr-Mo rich M23C6 carbides in T24, what is in 

the agreement with our previous findings [6-8]. At the grain boundaries of T92 steel, small Laves phase (LP) 

particles start precipitating on M23C6 carbides decorating all kinds of boundaries in SEM back scattered 

electron mode. The LP are the fine shiny particles.  

 a  b 

 c  d 

 Fig. 3 Microstructure of base metals after isothermal annealing for 1000 hours 

3.3 Hydrogen embrittlement sensitivity 

To compare the embrittlement in the HAZ and BM, EIRfr has been evaluated. Base metals moreover enabled 

also the evaluation of EIRA. All results are shown in Fig. 4. As seen, there are negligible differences in EI-Rfr 

between HAZ and BM states, Fig. 4, a-b, when after 1000 h annealing only T92 values are a little above the 

three others. However, EI on the base of ductile behaviour shows the values from almost zero to almost 

100 %, Fig. 4c. While according to EI-Rfr more sensitive to HE are lower alloyed steels, according to EIRA 

more sensitive are steels T92 and T24 modified by boron and tungsten. To judge the situation, fractography 

of the both hydrogen charged and not charged samples has been performed.  

   
a        b     c 

 Fig. 4 Relationship of embrittling index on the annealing time in the HAZ and BM of experimental steels 

3.4 Fractography 

In the series of pictures (Fig. 5, 6) some fractures of BMs and their HAZs are compared. Fractures with 

notch in the HAZ are generally more rugged, fragmented, and with deep macro and micro cracks compared 

to the BM. For the BMs large shear parts under the notch and predominantly ductile fracture features are 
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typical, the fractures are macroscopically smoother, what is shown in the example in Fig. 5 for T92 after 

1000 h annealing. In case of the HAZ, the cracks are propagating in the gradient microstructure consisting of 

the coarse and fine grains, influenced also by the notch tip location, what can differ from one sample to 

another. 

  a 

  b 

 Fig. 5 Fracture of T92 material annealed at 565 °C for 1000 h. a - notch in HAZ, b - notch in BM. From left to 

right: not charged sample, hydrogen charged, hydrogen charged at higher magnification 

The explanation can be found in the presence of the grain size gradient and residual stresses in this area of 

the weld joints. Concerning the individual materials more brittle after 1000 annealing are T24 and T92 than 

15128 and T91. Similar tendency is shown in hydrogen sensitivity in Fig. 4 a, b. Large BN particles are 

typical for the microstructure of T24 and T92 with harmful influence regarding the mechanical properties and 

toughness in all experimental states. In charged T24 states the large dimples change to so called fish eyes.  

T91 BM in the AR state starts with fully dimple ductile fracture, after 100 h annealing and hydrogen charging 

fish eyes are often in the centres of large dimples and small areas of intercrystalline decohesion can be also 

observed in predominantly ductile fracture. After 1000 h annealing there are larger areas of intercrystalline 

decohesion and ductile tearing in the fracture, Fig. 6 g, h, j. 

a b c 
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d e f 

g h j 

Fig. 6 Fractures in the BM after annealing at 565 °C: a - dimples in T24/100 h, b - fish eyes in T24/100 h + 

H2, c - T24/1000 h + H2, d - T92/100 h, e - T92/1000 h, f - T92/1000 h + H2, g - T91/100 h,  

     h - T91/100 h + H2, j - T91/1000 h + H2 

CONCLUDING REMARKS 

Behaviour of four Cr-Mo-V creep resistant steels and their heat affected zones has been compared from the 

view point of the hydrogen sensitivity using notch tensile test. Preliminary results can be summarised as 

follows: 

1) Tensile strength of the HAZs after hydrogen charging is higher than that of the BM. 

2) Yield stress of all BMs increases after hydrogen charging. 

3) Embrittling index EIRfr of HAZs is practically two times higher than that for the BMs. 

4) The most sensitive in the HAZ area expressed by EI-Rfr is material 15 128. Lowest tendency to HE 
show T24 and T92 steels. 

5) Embrittleng index EIRA differs largely from EIRfr and is much higher for T92 and T24 BMs than 15 128 
and T91 BMs. 

6) The best of all tested materials is T91 with lowest EIs. 

7) Large BN particles together with large particles of Laves phase and Cr-rich carbides at the grain 
boundaries increase the sensitivity of boron- and tungsten-containing steels to hydrogen 
embrittlement. 
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Ersoy ERİŞİR, Serap GÜMÜŞ, Oğuz Gürkan BİLİR  

Kocaeli University, Kocaeli, Turkey  

Abstract 

Multi-phase microstructure gain importance increasingly in new generation steels. Dual phase (DP) steels 

can be produced by the quenching from a temperature in intercritical temperatures in the phase region of 

austenite and ferrite. The final microstructure is composed of martensite and ferrite. Microstructure before 

the annealing at intercritical temperature can include martensite, ferrite, pearlite or austenite. The initial 

microstructure affects the final morphology strongly and the annealing temperature affects the amount of 

ferrite and martensite phases. Thus, the mechanical properties of dual phase steel depend on the 

morphology and phase distribution. In the intermediate quenching method, the initial microstructure is fully 

martensitic and final microstructure is fine and randomly scattered at former martensite boundaries in a 

ferritic matrix. This type of microstructure is called fibrous microstructure. There are some difficulties in 

selecting the correct etching solutions to obtain a sharply different contrast for the microstructure like this. On 

this study, hot rolled medium carbon steel was employed and intermediate quenching method was applied. 

Dual phase steel showed randomly distributed martensite laths in ferritic matrix in the microstructure. On the 

other hand, not only martensite and ferrite but also bainite, and pearlite were observed. The work presented 

here demonstrates the effect of the different etchings on the microstructure. Nital and Le Pera solutions were 

applied in order to overcome the difficulties in distinguishing the different phases. Light microscope and 

scanning electron microscope were carried out observing the microstructures. The Le Pera etchant was 

more effective to distinguish the martensite and ferrite. On the other hand, distinguishing the bainite, retained 

austenite and pearlite from martensite, same etchant was not favorable. 

Keywords: microstructural characterization, dual phase steel, medium carbon steel, intermediate quenching, 

phase transformation 

1. INTRODUCTION 

Dual phase microstructures have enormous advantages over the conventional steels with respect to good 

combination of high strength, good machinability and high toughness [1, 2]. Dual phase microstructures 

consist of ferrite and martensite phases as a ferrite matrix together with distributed martensite phase 

commonly up to %15 volume fractions. The main application area of dual phase steels is in general limited to 

the hot rolled sheets for automotive industry. Thus, many research papers are related to the low carbon 

steels containing relative small amounts of martensite. In the automotive industry, carbon amount is 

restricted by the machinability and weldability properties which inversely proportional to the carbon content 

and amount of martensite [1-15]. However, recent studies about dual phase steels with increased amount of 

martensite gained importance to strength and wear resistance. Medium carbon dual phase steels can be 

used for applications in mineral and mining processes which do not require any welding operation [16, 17]. 

Even the obtaining a dual phase microstructure from medium carbon steels is an important challenge, there 

are some difficulties. Calculating volume fractions of different phases is not as easy as low carbon steels and 

also it made increase possibility of forming retained austenite, pearlite and bainite. It may be sometimes 

difficult separating this phases. Therefore, because of the expectations about the differences between 

microstructures of low carbon and medium carbon steels, etching solutions may differ with respect to 
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characterizing the different microstructures. In this study, different etching solutions applied to medium 

carbon hot rolled steel to analyze the microstructure of medium carbon dual phase steels. 

2. MATERIAL AND EXPERIMENTAL 

Chemical composition of investigated steel is given in Table 1. The intermediate quenching experiments 

were carried out in a Bähr DIL805 plastodilatometer in order to investigate the phase transformations in the 

investigated steel. The standard specimen size of 5 mm diameter and 10 mm length was used for the 

dilatometer experiments. The samples were annealed at 1100 ºC for 5 min and followed by gas quenching 

with a cooling rate of 130 K/s to obtain fully martensitic initial microstructure. After martensitic 

transformation, specimens were annealed respectively at 725, 730, 740 and 750 °C for 15 min and finally 

gas quenched again. The samples were metallographically prepared. After sample preparation, samples 

were finally etched with Nital and Le Pera. Nital etchant contains 3 % nitric acid in ethyl alcohol. Le Pera 

etchant is prepared as a mixture of 1 % metabisulfide in distilled water and 4 % picric acid in ethyl alcohol. 

Light microscope and scanning electron microscope investigations were carried out.  

Table 1 Chemical composition of steel. 

 

 

 

 

3. RESULTS 

Dual phase microstructure of annealed sample is given in Fig. 1. The samples for SEM are Nital etched in 

order to etching ferrite, pearlite and bainite while it leaves martensite unetched state. In Fig. 1, SEM 

micrograph reveals the martensite islands in a ferritic matrix as well as a third phase (mixture of 

bainite/pearlite) at ferrite-martensite phase boundaries. It was very hard to identify the nano-sized F/P with 

light microscope as dark areas in Fig. 2. However, martensite islands (brown) and ferrite (white) can be 

distinguished using light microscope.  

   
 Fig. 1 SEM micrograph of steel annealed at 730 

°C and intermediate quenched, M: martensite, F: 

ferrite, B/P: bainite/pearlite 

 Fig. 2 LM micrograph of steel annealed at 730 

°C and intermediate quenched, M: martensite, F: 

ferrite, B/P: bainite/perlite  

Chemical composition (%weight) 

C Si Mn P S Cr Mo Ni V W Cu 

0,368 0,279 0,865 0,0195 0,0063 0,0413 0,0168 0,0769 0,0021 0,0310 0,0597 

Al Co Nb Ti B Zr As Pb Sn Ca  

0,0472 0,0076 0,0033 0,0034 0,0012 0,0025 0,0133 0,0050 0,0055 0,0031  
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3.1  Le Pera Etching 

Le Pera etchant allow the distinction of ferrite (brown/blue), bainite (dark brown/black), martensite and 

retained austenite (white). Fig. 3 shows the microstructures of steels annealed at 730 and 740 °C after 

etching with Le Pera. The third phase (dark brown/black) can be noticed in the microstructure which can be 

pearlite and/or bainite. There are two possibilities that can explain the formation of pearlite/bainite. First 

thought may be that pearlite/ bainite is formed before decomposition of austenite and ferrite to dual phase 

microstructure. Second is the pearlite/bainite is formed during quenching from annealing temperature. 

According to first thought, one may think that pearlite/bainite is already existed in martensitic initial structure 

or it was formed as a result of annealing the initial martensite structure.  

  

 Fig. 3 LaPera etched microstructure of steel annealed at (a) 730°C and (b) 740°C, and followed by 

intermediate quenching 

3.2  Nital Etching 

Nital etchant can be alternative where Le Pera etchant cannot produce desired tinted effect in microstructural 

constituents. For example, SEM investigations are required the topographic contrast for low alloyed steels in 

which phases do not have enough difference in the chemical compositions to produce the material contrast 

in SEM. In such a case, Nital can etch ferrite, pearlite and bainite while martensite remains unetched 

condition. Figs. 4 and 5 show micrographs of LM and SEM after Nital etching. In Fig. 4, dual phase 

microstructure can be seen with the third phase as in Le Pera etching in Fig. 3. However, it can be said that 

Nital is better to recognize the Widmanstätten type ferrite (white). Monotype coaxial ferrite is seen in Le Pera 

etched samples in Fig. 3. However, according to intermediate quenching, there must be fibrous 

microstructure consist of martensite and ferrite which can be seen in Nital etched samples. This is due to 

Nital has a better performance on obtaining grain boundaries. However, in point of the calculating phase 

distributions, separating the Widmanstätten ferrite and martensite from fibrous complex microstructure is not 

easy. La Pera etching may be useful to fulfill this difficulty for the image analysis studies. SEM micrographs 

are given in Fig 5. Ferrite seems darker than martensite on the contrary LM micrographs after Nital etching.  
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a) 

 

b) 

 

c) 

 

d) 

 Fig. 4 LM micrographs of steels annealed at a) 725, b) 730, c) 740, and d) 750 °C, and followed by 

intermediate quenching; etchant: Nital 

 

a) 

 

b) 
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c) 

 

d) 

 Fig. 5 LM Micrographs of steels annealed at a) 725, b) 730, c) 740, and d) 750 °C, and followed by 

intermediate quenching; etchant: Nital 

4. DISCUSSION AND CONCLUSION 

The advantages and disadvantages of applying Le Pera and Nital etchants to medium carbon dual phase 

steels were demonstrated. Martensite seemed lighter (light brown) and ferrite seemed darker colors 

(brown/blue) in Le Pera etched samples, while martensite is brown and ferrite is white in Nital etched 

samples. A third phase (bainite/pearlite) is also seen in black color and nearly same contrast in Le Pera and 

Nital. The third phase may be obtained due to quenching product from annealing temperature. As a result of 

microstructural investigations with different etchants, Nital is favorable to understand all microstructure, while 

Le Pera is not as good as Nital for obtaining grain boundaries and Widmanstätten ferrite. Therefore, it is 

concluded that Le Pera is better for using in image analysis for phase distributions for medium carbon dual 

phase steels.  
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Abstract 

The ledeburitic steel Vanadis 6 has been austenitized at the temperatures 1000 - 1075 oC, nitrogen gas 

quenched and 2x tempered at the temperatures 480 - 600 oC. Each tempering cycle was 2 h. Sub-zero 

treatment carried out via various regimes has been inserted in-between quenching and tempering, except 

one set of specimens. The effect of sub-zero treatment on the tempering characteristics of the material has 

been investigated. It has been found that the martensite after sub-zero processing differs from that of 

conventionally transformed in terms of substructure. The sub-zero treatment induced a multiple reduction of 

the volume fraction of retained austenite. This makes a difference between as-tempered microstructure of 

sub-zero treated and no-sub-zero treated steel, which results in different as-tempered hardness. 

1. INTRODUCTION 

It has been established recently that the sub-zero treatment (SZT) of Cr- and Cr-V ledeburitic tool steels can 

improve some mechanical and technological properties like hardness [1], toughness - it is worth noticing that 

some authors have reported no effect of the SZT or little worsening [2] while others have established slight 

improvement [3, 4], dimensional stability [5] and wear resistance [6 - 11]. These improvements were 

attributed to various microstructural changes due to SZT, namely: reduction of the volume fraction of 

retained austenite (R) [12 - 15], low-temperature conditioning of the martensite (´) [14, 16], more complete 

martensitic transformation connected with more uniform precipitation of carbides during tempering and their 

refinement [3, 13, 15, 17]. However, an exact explanation of the phenomena occurring in the Cr- and Cr-V 

ledeburitic steels is lacking until now because of: i) The use of different materials for the investigations, 

hence, there is no comprehensive study on the effect of SZT, excepting the D2-steel, where Das et al. 

related the improvement in wear resistance to both the reduction of R content and the modification of 

precipitation mechanism and kinetic of small carbides during tempering [13], ii) The choice of different heat 

treatment regimes - some authors used temperatures from the range -60 to -80 oC for SZT while others 

performed the SZT at a boiling temperature of liquid nitrogen (-196 oC), iii) The use of different parameters 

for the wear testing - counterparts material, loading, sliding speed, sliding distance etc. The aim of the paper 

is to present current state of knowledge on the structural changes induced by SZT, in a widely used Cr-V 

ledeburitic steel Vanadis 6. 

2. EXPERIMENTAL 

PM ledeburitic steel Vanadis 6 (2.1 %C, 1.0 %Si, 0.4 %Mn, 6.8 %Cr, 1.5 %Mo, 5.4 %V and Fe as balance) 

has been used for the investigations. The samples were vacuum austenitized at temperatures from the 

range 1000 - 1075 oC, nitrogen gas quenched and 2x tempered, each tempering cycle was 2h. Tempering 

temperatures were chosen from the range 480 - 600 oC, with a step of 10 oC. SZTs have been inserted in-

mailto:p.jurci@seznam.cz
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between quenching and tempering and their parameters were as follows: -90 oC/4 h, -196 oC/4 h and -196 
oC/10 h. The microstructure has been recorded using the light microscopy (LM), transmission electron 

microscopy (TEM) and high resolution TEM. Hardness has been measured by Rockwell C method. Five 

measurements were done on each sample and the mean values have been calculated. 

3. RESULTS AND DISCUSSION 

Light micrographs, Fig. 1 show the microstructure of the Vanadis 6 steel after quenching from different 

austenitizing temperatures (TA) and with/without the SZT. The microstructure is composed of the matrix and 

undissolved carbides. The matrix contains the martensite, blue/dark colored and R (brown-colored). It is 

obvious at the first sight that the portion of R decreases with the application of the SZT. This observation is 

well consistent with the X-ray diffraction measurements where triple lowering of the R-content has been 

established for the same material due to the SZT [3, 15].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 1 Light micrographs showing the microstructure of the Vanadis 6 ledeburitic steel: a - after quenching 

from TA = 1000 oC, b - after subsequent SZT at - 196 oC/4 h, c - after quenching from 1075 oC, d - after 

subsequent SZT at - 196 oC/4h. Colour etching using the Beraha-martensite agent 

Fig. 2 shows the microstructure of no SZT (a) and SZT (-196 oC/4 h) (b) steel austenitized at 1000 oC. The 

main structural features of no-SZT Vanadis 6 steel are the martensitic domains with high dislocation density 

inside the domains. The microstructure of SZT material does not differ from that of no SZT steel, however, 

the martensitic domains are rather smaller in terms of their length and width. Moreover, it seems that the 

martensite of SZT Vanadis 6 steel exhibits higher dislocation density than that of the no SZT material.  

Fig. 3 depicts HRTEM micrographs of the microstructure of the Vanadis 6 steel after quenching to a room 

temperature (a) and after subsequent SZT at -196 oC/4h (b). On the left hand side micrograph, there are a lot 

of small particles visible (1, 2) - their length ranges between 10 and 20 nm and have few nanometers in 

thickness. The particles are located mainly in the vicinity of original grain boundary (GB). Point EDX-analysis 

revealed that (it should be noted that the results do not represent the particle only but also it´s close vicinity) 

the areas with the particles contain of around 70 at.% of C. The microstructure of SZT material contains the 

c d 

b a 

carbides 
´ 
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matrix (3) with low carbon content, in which several important features are embedded. Firstly, the areas with 

extremely enhanced C-content should be mentioned (4, 5). They are not visible on the micrograph but only 

after providing the EDS-measurements. The second important features are the Moiré fringes (5). 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2 Bright-field TEM micrographs showing the microstructure of the Vanadis 6 ledeburitic steel: a - after 

quenching from TA = 1000 oC, b - after subsequent SZT at - 196 oC/4 h 

 

 

 

 

 

 Fig. 3 HRTEM micrographs showing the microstructure of the Vanadis 6 ledeburitic steel: a - after 

quenching from TA = 1000 oC, b - after subsequent SZT at - 196 oC/4 h 

 Fig. 4 Part of tempering curves of no-SZT and SZT Vanadis 6 steel 

Our previous investigations fixed higher as-quenched hardness of SZT material Vanadis 6 by 2-3 HRC than 

that of conventionally heat treated [18]. Fig. 4 demonstrates a segment of tempering curves obtained by 

twice tempering of both the SZT and the no-SZT steel austenitized at 1025 oC. The SZT steel has higher 
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hardness up to a tempering temperature of 500 oC. Beyond that, however, the hardness of no-SZT steel 

became higher by 0.5 - 1.5 HRC. Further important fact is that there is no classical secondary hardness peak 

on the tempering curve of SZT Vanadis 6 steel.  

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5 Microstructure of no-SZT Vanadis 6 steel after austenitizing at 1000 oC and tempering 530 oC/2x2h. 

a, c - bright-field TEM micrographs, b, d - corresponding dark-field images + diffraction patterns of 

precipitates 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 6 Microstructure of Vanadis 6 steel after austenitizing at 1000 oC, SZT -196 oC/4h and tempering 530 
oC/2x2h. a, c - bright-field TEM micrographs, b, d - corresponding dark-field images + diffraction patterns of 

precipitates 

Fig. 5 depicts the microstructure of no-SZT Vanadis 6 steel after austenitizing at 1000 oC, quenching and 

double tempering. Bright-field TEM micrographs, Figs. 5a, c show that the material contains a lot of small 
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precipitates inside the martensitic domains. Corresponding dark-field micrographs and diffraction patterns, 

Figs. 5b, d, document that the precipitates are the M3C- and M7C3-carbides, respectively. 

Fig. 6 shows the microstructure of Vanadis 6 steel after austenitizing at 1000 oC, quenching, SZT at - 196 
oC/4h and double tempering. Bright-field TEM micrographs, Figs. 6a, c show that the sample contains 

a relatively great number of small precipitates, with a size well below 50 nm for the phase M3C and below 

100 nm for the M7C3, respectively.  

The fact that SZT Vanadis 6 steel has higher hardness than no-sub-zero processed material can be 

considered as natural and well expected since: Higher volume fraction of the austenite was converted to the 

martensite due to the SZT and the martensite of SZT steel exhibits higher degree of tetragonality as found 

previously [4, 18]. Here, it should be noted that the Tyshchenko´s finding on lowered tetragonality of the ´ in 

X220CrVMo 13-4 steel has not been confirmed.  

The situation of tempered material without/with SZT is more complex. It is worth noticing that the secondary 

hardness of Cr-V ledeburitic steel occurs due to superposition of several processes, namely: i) 

transformation of R to ´ (hardness increase), ii) tempering of the ´ (hardness decrease) and iii) 

precipitation of small, coherent carbides from both the R and the martensite (hardness increase). The role 

these processes can be described as follows: 

 SZT material contains less R than that no-SZT, hence, the contribution of it’s conversion into the 

martensite to the final hardness is unambiguously lower for SZT steel. 

 The martensite of SZT material is more supersaturated and has a higher degree of tetragonality than 

that of no-SZT material. However, it undergoes softening due to the tempering and, one can expect 

that the softening will be practically in the same extent than that of conventionally produced 

martensite when tempered at temperatures around the secondary hardness peak. 

 The contribution of the third process to the final hardness of no-SZT material is commonly given by 

the precipitation of special chromium carbides above 450 oC. The role of intermediate phases, like -

carbide or -carbide can be estimated only roughly. SZT of the material produces the martensite with 

higher dislocation density and more supersaturated with carbon and alloying elements. Enhanced 

dislocation density, compared to no-SZT steel, is a result of extensive plastic deformation of a virgin 

martensite at very low temperature due to the volume effect of the  to ´ transformation. No minority 

phases were found in the SZT-steel Vanadis 6, which is natural since the precipitation of carbides is 

impossible due to immobility of carbon at low temperatures. On the other hand, the dislocations are 

mobile at these temperatures and they can capture carbon atoms during the deformation of freshly 

formed martensite [14]. In this way, carbon clouds can be formed at dislocations and serve as 

nucleation sites for precipitation of carbides at subsequent tempering. There is neither relevant data 

on the composition of carbon clouds nor on their size. Anyway, current investigations indicated the 

presence of carbon clustering in SZT Vanadis 6 steel, with a local carbon content of more than 50 at 

%.  

Precipitation of carbides during tempering of SZT Cr- and Cr-V ledeburitic steels differs from that of no-SZT 

materials in following aspects: It produces finer particles uniformly distributed throughout the matrix [13, 17]. 

Even at relatively low tempering temperatures, M23C6-carbides and not cementite (or other intermediate 

precipitates) have been formed in D2-steel, for instance [9, 13], e.g. the precipitation process was 

established to be accelerated due to SZT. The population density of the carbides is higher in the case of SZT 

steels [6 - 11]. Our experimental efforts did not reveal any differences in the nature of precipitates formed at 

tempering. What only seems that the population density of the particles might be different for SZT and no-

SZT steel, but the verification of this fact needs further investigations. 
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Hence, possible acceleration of precipitation connected with lower R content are suggested to be 

responsible for both the lower as-tempered hardness of Vanadis 6 steel and the loss of secondary hardness 

peak.  

CONCLUSIONS 

The main findings of the investigations can be summarized as follows: 

i) the volume fraction of R decreases and the martensitic transformation is more completed due to the SZT, 

ii) the SZT produces the martensite with finer sub-structure than the conventional heat treatment, iii) the 

microstructure of the material quenched to a room temperature contains a lot of small particles, whose length 

ranges between 10 and 20 nm and have few nanometers in thickness. The particles are located mainly in 

the vicinity of original grain boundaries, iv) the microstructure of SZT Vanadis 6 steel is free of nano-particles 

but it contains areas with extremely enhanced C-content and the sites showing the Moiré fringes, v) the 

nature of precipitates in SZT and no-SZT material is the same - one of the phases is the M7C3-carbide and 

the second one, rather surprisingly, is the M3C, vi) the as-tempered hardness of SZT material is higher up to 

temperature of 500 oC and, beyond this temperature it is lower than that of no-SZT steel, vii) one can 

suggest that the precipitation of carbides is accelerated due to the SZT, which tends towards lowering of as-

tempered hardness at higher tempering temperatures as well as towards a loss of secondary hardness peak. 
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Abstract  

Three types of ledeburitic cold work steels were austenitized at 1025 °C, nitrogen gas quenched and double 

tempered. Sub-zero period, made at different temperatures and dwell times, was also inserted between 

quenching and tempering. For the research was used steel Sverker 21 made by conventional way and two 

P/M steels (Vanadis 4 Extra and Vanadis 6). The microstructure, mechanical properties and surface 

resistance to cyclic impact load have been investigated as a function of parameters of heat treatment. There 

were used metallographic and rtg analysis, hardness measurement, three point bending test and impact test 

for the evaluation effect of sub-zero processing to observed materials. Analysis of impact craters was made 

by laser confocal microscopy and SEM. The results proved small differences in behaviour of observed 

material, which can, under specific conditions, be determinative for lifetime period of tools. 

Keywords: cold work steel, heat-treatment, sub-zero treatment, three point bending test, impact test 

1. INTRODUCTION  

It is well known, that cryogenic treatment (CT) has been reported to improve mechanical properties of 

materials. The research about CT has been validated by the first results on machinery tools, which have 

shown remarkably enhancement in hardness and durability [1]. Sub-zero treatments are classified as 

Shallow Cryogenic Treatment (SCT) when the samples are placed in a freezer at -80 °C and then they are 

exposed to room temperature and Deep Cryogenic Treatment (DCT) when the samples are cooled to  

-196 °C, hold down and gradually warmed to room temperature [1, 2]. Table 1 gives some general indication 

about CT effects on mechanical properties reported by the literature on tool steels [1]. 

Table 1 Effects of SCT and DCT on mechanical properties of tool steels  

It is necessary to take some facts into consideration. 

There exist a lot of kinds of tool steels with different 

chemical composition, mechanical properties and 

request on the usable properties. There is not still 

perfectly study influence of parameters CT to final 

properties of tool steels. For example [3] reported, 

that of the parameters relating to DCT, only the 

holding time and the heating rate have a significant 

effect on properties of the steel Sverker 21. On the 

other side in [4] is stated, that the hardness of sub-

zero processed Vanadis 6 does not depend on the 

sub-zero processing time. Paper [5] observed, as it is 

well known, that CT increases hardness by decreasing retained austenite. Authors in the paper found, that 

the hardness of only quenched Vanadis 4 is about 865 HV whereas the hardness of quenched (Q), DCT and 

double tempered (DT) Vanadis 4 is about 785 HV. In accordance with it, Baldissera and Delprete [1] state, 

that the choice of optimal treatment parameters of CT requires specific investigations on each material. 

 SCT DCT 

Hardness not available improvement 

Wear resistance improvement improvement 

Bending strength not available improvement 

Yeild strength not available not available 

Fatigue life not available not available 

Toughness not available improvement 
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The current paper deals with study of influence CT to properties of three kinds of ledeburitic cold work tool 

steels. 

2. EXPERIMENTAL 

The chemical composition of used steels is seen in Table 2. 

Table 2 The chemical composition of used steels (wt%) 

Steel C Si Mn Cr Mo V   

Sverker 21 (AISI D2) 1.55 0.30 0.40 11.80 0.80 0.80 C/M steel 

Vanadis 4 extra 1.40 0.40 0.40 4.70 3,50 3.70 P/M steel 

Vanadis 6 2.10 1.00 0.40 6.80 1.50 5.40 P/M steel 

C/M steel made by conventional way       

All observed steels are characterized by very high abrasive-adhesive wear resistance, high compressive 

strength, very good dimensional stability at heat treatment and in service, there have good through-

hardening properties too. 

5 samples for the three point bending test (10x10x100 mm with surface roughness of 0,2 - 0,3 µm) were heat 

treated in each set. Heat treatment was the following: vacuum austenitizing at 1025 °C for 30 min, nitrogen 

gas quenching at 5 bars pressure, sub-zero treatment at temperature -90 °C and -196 °C per 4 or 

10 hours and 2x tempering at 530 °C per two hours for Vanadis 4 extra and Vanadis 6, 2x tempering at  

480 °C per two hours for Sverker 21.Three point bending tests were carried out at following parameters: the 

distance between supports was 80 mm, loading in the central region and loading rate of 1 mm/min, up to the 

moment of the fracture. Microstructure of the material was analysed by the light microscopy, retained 

austenite by rtg analysis (RTG diffractometer Philips PW1710 - norm ASTM E975-03). Impact test was carry 

out on electromagnetic impact tester, number of hits 10 000 and frequency 10 Hz. It was done 3 craters on 

each sample. There were measured diameters of craters. Value of the hardness is average from  

5 measurements. 

3.  RESULTS 

Results of three bending test for investigate materials and states are shown in Fig. 1. Not surprisingly there 

are the lowest values of bending strength for Sverker 21, bigger for Vanadis 6 and the biggest for Vanadis 4 

extra. Whereas CT of Vanadis 6 does not have influence on bending strength, from results is evident 

increase this characterization for Vanadis 4 extra compared with conventional treatment e.g. without 

cryogenic treatment (CONT). It was proved for Sverker 21 small increase of bending strength for -90 °C/4 h, 

bending strengths after the other states of CT are comparable to CONT. 

From Fig. 2 is evident, that CT does not have influence to hardness for Sverker 21. For P/M steels CT cause 

decrease hardness about 1-2 HRC compared with CONT P/M steels.  
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 Fig. 1 Bending strength of used steels for observed conditions of the heat treatment 
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 Fig. 2 Bending strength of used steels for observed conditions of the heat treatment 

There are some different in results of impact test for used steels and observed conditions of the heat 

treatment Fig. 3. The smallest diameter of crater was measured form CONT Vanadis 4 and CT Sverker 21 

(-90°C/4 h, -196°C/10 h Fig. 4a).  

The worst results were accomplished for DCT Vanadis 6 (-196°C/4 h, -196°C/10 h Fig. 4b). Nevertheless 

there were not observed any cracks in the area of crater on these samples either. On the basis of this it is 
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possible to presume for the steels Sverker 21, Vanadis 4 extra and Vanadis 6 that there are not observed 

any obvious unwanted characteristics during this state of loading depending on CT of the steels. 

0

50

100

150

200

250

300

350

400

450

500

0

-9
0
°C

/4
h

-9
0
°C

/1
0
h

-1
9
6
°C

/4
h

-1
9
6
°C

/1
0
h 0

-9
0
°C

/4
h

-9
0
°C

/1
0
h

-1
9
6
°C

/4
h

-1
9
6
°C

/1
0
h 0

-9
0
°C

/4
h

-1
9
6
°C

/4
h

-1
9
6
°C

/1
0
h

Sverker 21 Vanadis 4 extra Vanadis 6

s
iz

e
 o

f 
c
ra

te
r 

[ 


m
]

 

 Fig. 3 Size of crater measured after impact test of used steels for observed conditions of the heat treatment 

a) Sverker 21 -196 °C/10 h    b) Vanadis 6 -196 °C/10 h 

 Fig. 4 Craters after impact test for samples Q + DTC + DT 

It is well known, that high content of Cr causes decrease of temperature of finish martensite transformation 

and thus increase of content of retained austenite. For the steels Vanadis 4 extra and Vanadis 6, which 
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Table 3 Content of retained austente for Sverker 21 for observed conditions of the heat treatment 

compared with Sverker 21 have approximately 

half content of Cr, was not surprisingly 

measured content of retained austenite less 

than 1 % after all investigated states of 

treatment. It was found out decrease content of 

retained austenite for CT Sverker 21 compared 

with CONT Table 3. The lowest content of 

retained austenite was measured for longer time of cryogenic treatment. Present results of measurement of 

retained austenite is in good agreement with previous results and literature as showed Table 4 

Table 4 Results of an X-ray diffraction of Vanadis 4 quenching of 1040°C and quenching, cryogenic 

treatment -196 °C/30 min and double tempered 525 °C/30 min and Vanadis 6 after quenching of 

1025°C and quenching, cryogenic treatment -196 °C/4 h and double tempered 530°C/2 h 

Steel Heat treatment Content of retained austenite [%] Reference 

Vanadis 4 Q 17,7 [5] 

Vanadis 4 Q + DCT + DT 1,9 [5] 

Vanadis 6 Q 17,76 [6] 

Vanadis 6 Q + DCT + DT < 0,5 current paper 

The microstructures of the Sverker 21 quenched from 1025 °C, cryogenic treatment -196 °C/4 hours and 

tempering 2x 480 °C are shown in Fig. 5. The material consists of the matrix and carbides. The matrix 

contains mainly the tempered martensite, the second phase is the retained austenite. Distribution and size of 

carbides is accordance with C/M steel.  

The microstructures of the Vanadis 4 extra quenched from 1025 °C, cryogenic treatment -196 °C/4 hours 

and tempering 2x 530 °C are shown in Fig. 6. The material consists of the matrix and carbides. The matrix 

contains mainly the tempered martensite, the minimal second phase is the retained austenite. Distribution 

and size of carbides is accordance with P/M steel.  

Nevertheless, resolution of light metallography is not appropriate for investigation of structural changes after 

cryogenic treatment Sverker 21 and Vanadis 4 extra. 

   

a) Q + DT      b) Q + DCT + DT 

 Fig. 5 Microstructure of Sverker 21(1025 °C, -196 °C/4 h, 2x480 °C) 

Sverker 21 (1025 °C, 2x480 °C)  

Cryogenic treatment Content of retained austenite [%] 

0 11,7 

-90°C/4h 3,4 

-90°C/10h 2,3 

-196°C/4h 2,9 

-196°C/10h 1,6 
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a) Q + DT      b) Q + DCT + DT 

Fig. 6 Microstructure of Vanadis 4 extra (1025 °C, -196 °C/4 h, 2x530 °C) 

4. CONCLUSIONS 

 Cryogenic treatment does not have influence on bending strength for Vanadis 6, but does for Vanadis 

4 extra. 

 It is evident, that cryogenic treatment does not have influence to hardness for Sverker 21. For Vanadis 

6 and Vanadis 4 extra cryogenic treatment cause decrease hardness about 1-2 HRC compared with 

P/M steels without cryogenic treatment. 

 For investigated samples does not prove predisposition to damage by impact workload. 

 It was found out decrease content of retained austenite of cryogenic treatment Sverker 21 compared 

with conventional treatment. 
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Abstract 

The article deals with welding of HSS steel type DOMEX using power fiber laser. They were made weld of 

steel itself DOMEX and heterogeneous weld with deep drawing steel DC01, which are important for tailored 

blanks. For all welds were evaluated mechanical properties, macro and microstructure by optical microscopy 

and (partially) by electron microscopy SLEEM. 

Keywords: laser welding, DOMEX steel, heterogeneous weld 

1. INTRODUCTION 

Laser welding is a modern technology which has its specific[1]. Due to the high density of energy is created 

the key hole which allowing a deep penetration of material. Welding speed is higher than conventional arc 

methods, making it much less heat input. The weld has a high aspect ratio and therefore the resulting 

deformation of the weldment are small. Nowadays, as the laser source starting to expand solid-state lasers. 

The wavelength is usually around 1 µm, which is well absorbed by the metal. One of the representatives of 

these lasers suitable for industrial use is fiber laser which exhibit high efficiency, robust construction and 

small operating costs. 

The high strength steel grades (HSS) are used in applications such as truck chassis, cranes and 

earthmoving machines. In these applications, the HSS is used to save weight and/or to increase the payload. 

As a result of this and the good formability of the steels, the total costs can be reduced. Because the 

producers for these materials has no technological recommendations for laser welding, objective of this 

article was to study laser welded joints of HSS steel and heterogeneous weld with deep drawing steel. For 

the experiments were used HSS steel 700 DOMEX from SSAB and deep drawing steel DC01. 

2. USED MATERIALS 

Domex cold forming steels are thermo-mechanically rolled in modern plants where the heating, rolling and 

cooling processes are carefully controlled. 

The chemical analysis, consisting of low levels of carbon and manganese has precise addition of grain 

refiners such as niobium, titanium or vanadium. This together with a clean structure, makes Domex Steels 

the most competitive alternative for cold formed and welded products. Domex 700 MC[3] with designation D 

and E meet and exceed the demands for steel S700MC in EN-10149-2.  

Table 1 Chemical composition of Domex 700MC and 

mechanical properties   

C % 

max 

Si % 

max 

Mn % 

max 

P % 

max 

S % 

max 

Al % 

min 

Nb % 

max 

V % 

max 

Ti % 

max 

0.12 0.101) 2.10 0.025 0.010 0.015 0.092) 0.202) 0.152) 

Yield strength Tensile 
strength 

Elongation on 
failure 

ReH N/mm2 

min 

Rm N/mm2 
min - max 

< 3 mm 
A80 % min 

700*) 750 - 950 10 
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The low contents of carbon, phosphorus and sulphur enable all conventional welding methods to be readily 

used for Domex 700 MC. No preheating is necessary. A narrow heat affected zone with a somewhat lower 

hardness is formed immediately adjacent to the weld. However, if normal welding parameters and methods 

are used, the heat affected zone is of no practical significance.  

Carbon equivalent for Domex700MC thickness 2mm: 

 (1) 

 

As a second material for the creation of heterogeneous joint were used deep-drawing steel DC01, which is a 

classic cold-rolled steel is particularly suitable for pressing, pulling, punching, bending and deep drawing. 

Wherever they are placed high demands on the surface quality and dimensional accuracy and geometric 

tolerances. These steels are characterized by very fine-grained and homogeneous structure with minor 

differences of mechanical properties on the surface of the sheet. The composition and mechanical properties 

are listed in [4]. 

3. EXPERIMENTS 

For test welds were used workplaces with fiber laser YLS 2000, YW30 welding head mounted on a robotic 

arm IRB2400, appearance workplace in Fig. 1. Were used sheets of thickness 2 mm was made in the butt 

weld of the Fig. 2. After making laser weld were cut three specimens for tensile testing (performed on the 

device ZD40/400 kN). Have also taken of the samples for metallographic evaluation of macro and 

microstructure and hardness. 

  

 Fig. 1 Laser workshop  Fig. 2 Sheet holder 

Table 2 Welding parameters 

Laser 

power [W]  

Welding speed 

[mm.sec-1] 

Shielding gas [l.min-1] Focus position relative to 

surface [mm] 

Heat input  

[kJ.m-1] 

1500 40 Ar, 12 0 37.5 

4. WELDING OF DOMEX 700 

Tension tests all samples broken directly to the interface weld metal - the base material. Weld surface of the 

base material were melted only a few tenths of a millimeter of face and root side. For sample No. 3 quarry 

extends from approximately 30 % to the base material, therefore the highest value was measured. The 
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results are shown in Table 3. It is clear from them that the resulting strength is about 60 % of the strength of 

the base material. 

Table 3 The values of tensile tests from weld of Domex 700, thick. = 2 mm 

No. t [mm] b [mm] S0 [mm2] Fm [N] Rp0.2 [MPa] Rm [MPa] A [%] 

1 2,0 12,05 24,1 7730 125 321 1,25 

2 2,0 12,05 24,1 12198 357 506 1,25 

3 2,0 12,05 24,1 16240 483 681 2,50 

Further was evaluated weld macrostructure shown in Fig. 3, which shows the main geometrical 

characteristics. It is clearly evident HAZ, occurs is slightly concave transition in the root, linear offset and 

especially cold junction marked by a red ellipse. This weld defect is probably one of the reasons why an 

individual tensile tests show differences. The hardness measurement was carried out according to DIN EN 

ISO 6507-1 on Zwick 3212 hardness tester under a load of 10 kg and evaluation of measured values via 

software testXpert. Each sample was performed 13 scars in one line approximately 1 mm below the surface 

of the cheek weld. The distance among the indentations was 0.5 mm, the result is shown in Fig. 4. It can be 

seen that the hardness of the weld metal has increased by 25 % due to the hardness of the base material. 

Even this increase may be the cause of the different values of the tensile tests.  

 

  
 Fig. 3 Macrostucture of weld DOMEX 700, th. 2mm  Fig. 4 Progress of the weld microhardness of 

DOMEX 700 

5. WELDING OF DOMEX 700 - DC01 

Under the same conditions and samples were welded DOMEX 700 - DC01. Thus created heterogeneous 

weld. Tension test all samples was broken outside weld, it demonstrates the high quality weld. The failure 

occurred in a region of lower yield strength of the steel DC01thus indicating quality weld. The measured 

values correspond to the yield strength of the material at the breach. They are listed in Table 4. 

Table 4 The values of tensile tests from weld of Domex 700 - DC01, thick. = 2 mm 

No. t [mm] b [mm] S0 [mm2] Fm [N] Rp0.2 [MPa] Rm [MPa] A [%] 

1 2,0 12,00 24,0 8549 245 356 19 

2 2,0 12,00 24,0 8549 235 355 19 

3 2,0 12,05 24,1 8586 240 356 19 

The samples produced for examination of microstructure and macro structure was also tested for Vickers 

hardness, load 1 kg. Hardness was measured in the base material and weld metal - DC01 HV1 = 102, 

Domex 700 HV1 = 123, weld metal HV1 = 276. On the basis of the measured hardness can be stated that 
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the weld metal, in comparison with the basic materials higher hardness due to changes in structure induced 

by the welding process. In addition, the weld was evaluated macro and micro structure using optical 

microscopy indicated on Fig. 5. 

 

 Fig. 5 Macrostucture of weld: Basic DC01 - feritic structure (ferit + cementit) 

Weld metal - feritic - cementit structure (ferit + bainit) 

Domex700MC - very fine grain feritic - cementit structure 

Further, the weld microstructure was studied using ultrahigh vacuum scanning low energy electron 

microscopy (UHV SLEEM). UHV SLEEM is equipped with the cathode lens mode (CL) which enalbled us to 

observe material microstructure at arbitrary landing energies of primary electrons [5]. The combination of the 

clean surface (native oxide layer was removed by Ar ion beam) and detection of electrons scattered under 

high angles from the optical axis offers extraordinary high contrast between the differently oriented grains 

(not possible in the standard SEM) [6,7]. Sensitivity of the SLEEM on the crystal orientation was verified by 

the electron backscattered technique (EBSD).  
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 Fig. 6 Microstructure in hetero-weld DOMEX700 - DC01. UHV SLEEM images were obtained at 500 eV 

landing energy from different parts of the sample. Images of the basic materials and the weld metal are 

shows together with the EBSD orientation maps od the some area 

6. CONCLUSION 

Welds made by laser differ substantially from conventional welds made (arc) methods. Welds are very 

narrow, smooth and even surface. When evaluating the microstructure of basic materials has been 

established fine-grained structure and mostly ferritic weld metal structure was found ferritic-cementite 

structure. Besides geometry is also different weld heat input and the resulting structure. High welding speeds 

and hence a small heat input may result in too rapid cooling and formation of martensitic or bainitic structure 

with high hardness. Technology and welding parameters significantly affect the properties of welded 

structures. Especially for fine-grained thermomechanically processed material should be given great 

attention to technology and strictly observe designed and qualified welding procedure. During the design 

process welding fine grained steels it is necessary to find a compromise between the small heat input and at 

the same time sufficient speed cooling. Cooling rate depends primarily on the mentioned heat input, but also 

on the thickness of the base material. In appreciation of all the tests performed may be stated that the 

combination of our chosen welding sheets of the same thickness with laser technology in a relatively short 

period of time can make a high-quality weld without filler material, which is not necessary subsequently 

worked on. The only disadvantage is the high cost of laser technology. 
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Abstract 

In this paper the analysis of primary crystallization for corrosive and abrasive wear resistant chromium cast 

steel was presented. The investigations were performed with use of developed thermal and derivative 

analysis (TDA). During the studies chromium cast steel with 0.5 % C modified with V and Ti and with 

chromium content of 18 %, 12 % and 6 % was analysed. Other elements (Ni, Mo) were introduced in a 

constant amount of 1.5 % (Ni) and 0.75 % (Mo). The Crystaldigraph-PC apparatus was applied for cooling 

curve registration, using three different samplers characterised by different geometrical features and 

thermophysical properties of the mould material used, thus enabling the crystallization analysis at different 

cooling rates (metastable conditions). The average cooling rate registered during the primary crystallization 

speeds was: 100 K/min (ATD-C tester), 50 K/min (ATD-Is) and 10 K/min (ATD-Is100). The crystallization 

analysis in the first step was based on the Fe-C-Cr phase equilibrium system. Next, the numerical modelling 

was used to determine the phase transitions during the crystallization of alloys with given chemical 

composition. The last stage was the experimental studies of the primary crystallization based on TDA curves 

for different cooling rates and the metallographic observations. Conducted investigations confirmed the 

strong influence of cooling conditions on the crystallization parameters, resulting in changes of alloy 

structure. Presented crystallization analysis was carried out in metastable conditions, comparable with 

industrial conditions observed during steel castings production. 

Keywords: chromium cast steel, crystallization, chromium carbide, TDA 

1. INTRODUCTION 

Chromium is one of the most common addition in iron alloys [1,2]. Its content varies from 0.5 % to 30 %. 

Such difference in possible content results in diversification of alloy structure, thus iron alloys containing 

chromium can be classified, regarding its structure, as: martensitic - in which complete ferrite-austenite 

phase transformation takes place, half-ferritic - in which only a part of ferrite transforms into austenite and 

ferritic - in which ferrite is a stable phase and no phase transformation occurs. In all three groups of alloys 

the carbide phases can be observed. For alloys with composition within industrially applied ranges of 

elements, three types of carbides can be found: (Fe,Cr)3C, (Cr,Fe)7C3, (Cr,Fe)23C6 - regarding the carbon 

and chromium content. Their main action on alloy properties is connected with higher resistance to wear. 

High chromium content improves the corrosion and heat resistance of the alloy. Its additions are applied for 

construction, wear-resistant, rustproof, tool, heat-resistant steels and cast steels etc. Although chromium is 

described as a ferrite-creative element, in presence of carbon it stabilizes the austenite. Chromium dissolved 

in austenite increases the hardenability, increases the temperature of eutectic and eutectoidal 

transformation, moving the transformation points toward lower carbon content. Among the steels and cast 

steels with ferrite-austenite transformation three alloy groups can be specified: hypo-eutectoidal, hiper-

eutectoidal and ledeburitic. Listed groups enclose construction alloys, as well as the tool and wear-corrosion- 

resistant alloys. Wear-resistant and tool cast steels ( 2-26 %Cr) and corrosion-resistant cast steels  

(12-30 %Cr), differs in carbon content, which in case of corrosion-resistant steels does not exceed 0,3 %, 

while for wear-resistant alloys often reaches 2 %. For elements which exploitation conditions force high wear 

and corrosion resistance, tool and wear-resistant cast steels are selected [3-5]. As an example of such case 

mailto:Andrzej.Studnicki@polsl.pl
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the mining industry can be given, where the exploitation of heavy machinery is exposed to wear and 

corrosion (eg. sleeves and bolts of mining combine).  

Primary crystallisation has a great impact on structure and operational properties of cast elements. 

Presented work describes the crystallisation of cast steel castings applied for elements operating in wear 

and corrosion environment. Authors analysed the crystallisation in stable conditions for Fe-C-Cr alloys, 

based on literature studies and numerical modelling of alloys with nickel and molybdenum additions using 

the ThermoCalc software package. Results of these studies were compared with experiment, enclosing the 

crystallisation analysis of cast steel with different chromium content in non-stable conditions. The 

solidification and crystallisation process was registered at different cooling rates with use of Thermal and 

Derivative Analysis (TDA method) [9,10]. Works of earlier authors [11-14] were also used.  

2. MATERIAL AND RESEARCH METHODOLOGY 

Experimental studies consisted of preparation of three cast steels with different chromium content (6 %, 12 

% and 18 %) with addition of nickel and molybdenum, modified with vanadium and titanium. As a typical 

charged material, commonly available components were used. In Table 1 the chemical composition of 

obtained alloys is shown. Melts were performed with use of inductive furnace with neutral lining and capacity 

of 20 kg. Clean and annealed charge materials were melted according to known practice. After melting, the 

liquid metal was deoxidised with ferrosilicon (0.3 %) and aluminium (0.04 %). Cast steel was then modified 

with ferrovanadium and ferrotitanium. After metallurgical treatment of the liquid cast steel, the temperature of 

the melt was set to 1550 oC and the metal was poured into prepared TDA testers (testers: ATD-C, ATD-Is, 

ATD-Is100). Construction and materials used for tests preparation enabled significant diversification of 

castings cooling rates in range of primary solidification. For applied testers the cooling rates are 

approximately: ATD-C - 100 K/min., ATD-Is - 50 K/min and for ATD-Is100 - 10 K/min. The registration of 

crystallisation process was performed using the TDA research stand, which together with cooling curves is 

shown in Fig. 1. The chemical composition of obtained chromium cast steels was performed with use of 

LECO GDS 500A spectroscope.  

Table 1 Chemical composition of chromium cast steel in [wt. %] 

lp melt C Mn Si P S Cr Ni Mo V Cu Al Ti 

1 T6 0.56 0.51 0.58 0.015 0.011 18.3 1.69 0.80 0.32 0.18 0.006 0.12 

2 T7 0.45 0.42 0.72 0.022 0.007 11.9 1.40 0.76 0.47 0.20 0.009 0.12 

3 T8 0.53 0.45 0.77 0.024 0.010 6.11 1.59 0.74 0.30 0.21 0.008 0.16 
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Fig. 1 Research TDA stand and cooling curves of T7 chromium cast steel (11.9 % Cr) 

3. CRYSTALLISATION OF CHROMIUM CAST STEELS IN STABLE CONDITIONS 

Based on Fe-Cr-C equilibrium phase diagrams found in literature, the crystallisation process description was 

prepared for chromium cast steels with carbon content corresponding with experimental procedure (Table 1). 

In Fig. 2 three phase diagrams were shown with indicated path of primary and secondary crystallisation for 

alloys with 0.53 %C and 8 % Cr, 0.45 % C and 13 % Cr, 0.56 % C and 17 % Cr. 



 
L - liquid, α - ferrite,  - austenite, K1 - carbide M23C6, K2 - carbide M7C3 

 Fig. 2 Sections of equilibrium ternary phase diagrams of Fe-C-Cr for chromium content of 8 %, 13 %, 17 

%wt. with indicated path of crystallisation corresponding with carbon content registered for experimental 

alloys 

Based on equilibrium phase diagrams it can be seen, that eutectic transformation does not occur for none of 

the analysed alloys. For alloy containing 8 % Cr austenite is the leading phase of crystallisation. For the 

other two alloys ferrite crystallises as a first phase from the liquid and next the austenite occurs due to 

peritectic transformation. Full paths of solidification can be written as: 

a) 0.53 %C and 8 %Cr  L→ L→  

b) 0.45 %C and 13 %Cr  L → L → L → L → 

c) 0.56 %C and 17 %Cr  L → L → L → L → 
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Alloy additions introduced to Fe-C-Cr alloys influence the position of transformation lines and points 

illustrated on phase diagrams. Most of the elements introduced to cast steels move the phase 

transformations towards lower carbon content, e.g. shown in Fig. 2 point E, indicating the eutectic point. 

Such influence of alloy additions is connected with change in carbon solubility in the austenite. Among the 

elements analysed as additions for chromium cast steels only Mn, Cu, Al and V move point E towards higher 

carbon content. Position of point E, regarding the alloy additions content, can be calculated with use of 

equation (1) [7]:  

             (1) 

where: mX - experimental coefficient, determining the influence of an alloy addition X on carbon solubility in 

austenite; %X - alloy addition in [%weight]. 

The phase transformations in multi-component alloys can be analysed with use of numerical modelling. One 

of the available software (ThermoCalc) was used to calculate phase diagrams for cast steels, with chemical 

composition obtained after chemical analysis of experimental castings. Numerical modelling enabled taking 

into account the content of Mo and Ni. The calculated diagrams are shown in Fig. 3. 

Based on shown diagrams the path of primary crystallisation can be written as follows: 

a) 0.53 % C, 6.11 % Cr, 1.59 % Ni and 0.74 % Mo   L→ L→  

b) 0.45 % C, 11.9 % Cr, 1.40 % Ni and 0.76 % Mo  L → L → L → L → 

c) 0.56 % C, 18.3 % Cr, 1.69 % Ni and 0.80 % Mo  L → L → L → 

 

L - liquid, α - ferrite,  - austenite, K1 - carbide M23C6, K2 - carbide M7C3 

 Fig. 3 Sections of multicomponent phase diagrams of Fe-C-Cr-Ni-Mo for constant chromium content of  

6.11 %, 11.9 % and 18.3 %wt. with indicated path of crystallisation corresponding with carbon content 

registered for experimental alloys 
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With use of presented in Fig. 3 diagrams, the phase transformations in solid state can be described - 

showing the path of secondary crystallisation. For studied alloys, with respect to other than Cr alloy additions 

(molybdenum and nickel) it can be written: 

a)  → K2→ K1 K2→ K1→ K1→ K1K2→ K1K2

b)  → K1→ K1→ K1

c)  → → K1→ K1→ K1

Such data can be used for alloys microstructure evaluation and selection of proper parameters of heat 

treatment for studied alloys. Comparing with literature data (Fig. 1), the calculated diagrams show some 

differences in phase regions registered for analysed alloys. Main reason is the lack of ternary diagrams 

section for exactly the same amount of chromium and the fact, that during numerical modelling other addition 

can be taken into account. 

4. CRYSTALLISATION OF CHROMIUM CAST STEELS IN METASTABLE CONDITIONS 

Although there are great possibilities of numerical modelling and simulation techniques, some aspects of real 

process are not included. These aspects can although be modelled by specially prepared experiments. In 

presented studies a series of experimental casts was prepared. For chromium cast steels with different 

chromium content crystallisation process was registered using the Crystaligraph-PC apparatus, which 

enabled description of material and technological parameters influence on casting crystallisation process. 

Due to consecutive development of Thermal and Derivative Analysis it is possible to identify crystallisation 

path of different casting alloys, regardless the complexity of technological process. In Fig. 6 and 7 cooling 

and crystallisation curves (TDA curves) are shown, together with alloy microstructure. Curves are presented 

only for the range of primary crystallisation. For all studied cast steels the content of alloying additions are 

similar (excluding chromium). These additions move the eutectic point towards lower carbon content, thus in 

crystallisation curve (first derivative of cooling curve after time - dT/dt) thermal effects of carbide eutectic 

crystallisation can be seen. Thermal effect of eutectic crystallisation disappears at chromium content of  

6.11 %. In Fig. 6 primary crystallisation of cast steel with high chromium content (18.3 %wt.) was shown. 

Some characteristic points of crystallisation were indicated: TA - temperature of max. thermal effect from 

primary crystallisation of austenite, which can be assumed as liquidus temperature, TE - temperature of max. 

thermal effect from crystallisation of the carbide eutectic and TH - temperature at which the primary 

crystallisation ends. Values of temperature registered in described points are influenced by chemical 

composition of alloys, mainly chromium content and also by cooling rate. Increase in cooling rate results in 

decrease in temperature values registered in characteristic points of TDA curves, because the alloy solidifies 

with increasing undercooling, which additionally influences the structure refinement.   

During the crystallisation of chromium cast steel containing 11.9 % Cr the thermal effect of eutectic 

crystallisation is apparent, but it is significantly smaller than the effect registered for T6 cast steel. The 

structure content of carbides is smaller than in T6 cast steel, mainly on grain boundaries. Further decrease in 

chromium content to 6.11 % causes disappearance of eutectic thermal effect on crystallisation curve. It can 

be seen in Fig. 7, where crystallisation curves for T8 cast steel do not show the thermal effects in eutectic 

transformation range. 
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 Fig. 4 TDA curves of chromium cast steel T6 (0.56 %C, 18 %Cr, 1.69 %Ni, 0.8 %Mo) and its structure 

 

 

 

 

 

     

 
 

 Fig. 5 TDA curves of chromium cast steel T8 (0.53 %C, 6.11 %Cr, 1.59 %Ni, 0.74 %Mo) and its structure 

SUMMARY 

Based on conducted studies the crystallisation paths for chromium cast steels can be precisely described. In 

metastable conditions, regarding different alloy additions and different cooling rates the process of 

crystallisation was presented. Application of numerical modelling enabled observation of additions influence 

on phase transformations during primary and secondary crystallisation and will be used for heat treatment 
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parameters selection in further studies. For studied alloys the path of primary crystallisation can be 

presented as follows: 

for T6 cast steel (18.3 %Cr)  L → L → L → L → LM7C3 → M7C3 

for T7 cast steel (11.9 %Cr)  L → L → L → L → L M7C3 → M7C3 

for T8 cast steel (6.11 %Cr)  L → L →   
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Abstract 

In-situ SEM tensile tests at room temperature have been performed on flat specimen of advanced 

austempered ductile cast iron (ADI) alloyed with nickel with the aim to study elastic-plastic behavior together 

with the nucleation and growth of cracks. During tensile loading the systematic observation of selected 

locations was studied. The in-situ observation was used to elucidate the tensile curves in agreement with the 

deformation mechanisms. In the early stage of loading the stress-strain response is elastic. After exceeding 

elastic limit decohesion of graphite nodules from the matrix was observed. It can be related to the departure 

of the tensile curve from the elastic behaviour. The cracks initiated preferably from interface of graphite 

nodule and the ausferrite matrix. Elastic-plastic region is connected with the plastic deformation of the matrix 

and growth and linking of short cracks. The tensile curves from in-situ stage and standard tensile test were 

compared and discussed.  

Keywords: ADI with nickel alloying, in-situ tensile test; mechanical properties, deformation mechanisms, 

SEM-FEG 

1. INTRODUCTION  

Ductile cast iron is a structural material employed in many industrial applications. Its resistance to fracture in 

static and cyclic loading is subject of numerous research activities. The mechanical properties of ductile cast 

iron are similar to those of cast steels. Therefore it is often used for the production of bulky vehicle 

components. Vehicle components are often subjected to variable loading at depressed temperatures. It is 

important to choose the optimum structure and evaluate resulting mechanical properties in conditions close 

to the service conditions [1]. 

One way to improve the mechanical properties of cast iron represent the changes in chemical composition, 

e.g. by alloying with nickel. The addition of nickel leads to the improvement of tensile strength and ductility 

mainly at low temperatures [1-3]. The principal damage mechanism in ductile cast iron is often identified as 

void growth corresponding to graphite nodules. Numerous studies provided analytical laws to describe the 

growth of a single void, depending on the void geometry and matrix behaviour [4-6]. It is known that the role 

of graphite nodules in microcrack initiation and propagation is not clear and that the effect of microstructure 

should be more deeply investigated, namely the effect of Ni alloying. Recent on in-situ studies in scanning 

electron microscope of austempered ductile cast iron (ADI) or ferritic ductile cast iron were focused only to 

basic deformation mechanisms and the influence of the matrix [5, 6]. Data focused on the effect of alloying 

are not available. 

The aim of this paper is to study the elastic-plastic behaviour together with nucleation and growing of cracks 

of advanced austempered ductile cast iron alloyed with nickel using in-situ SEM tension test.  

mailto:martin.petrenec@tescan.cz
mailto:krahula@ipm.cz
mailto:polak@ipm.cz
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2. EXPERIMENTAL DETAILS 

2.1 Material and heat treatment 

Flat specimen with geometry shown in Fig. 1a had rectangular cross section of 1.4 x 1.25 mm2 and a gauge 

length of 2 mm. They were prepared by electro-erosion spark machining from cast 1 kg Y block. Chemical 

composition is shown in Table 1. Specimen surface was carefully grinded and mechanically polished for in-

situ observations and for the analysis of size, the morphology and the fraction of graphitic nodules using 

image analysis. Results are presented also in Table 1. Specimens from ADI were subsequently heat treated 

under optimum conditions: austenitization annealing at 840 °C /1 hour and isothermal transformation at 

375°C (austempering temperature) for 45 minutes with air cooling. Microstructure of the material is shown in 

Fig. 2 and Fig. 3. It consists of spherical graphite and the matrix, which contains fine bainitic needles and the 

retained austenite Ar. Volume fraction of retained austenite was determined using neutron diffraction and its 

typical value is 30 % [7]. The nickel alloying affects the size of nodule diameter (see Table 1). The tensile 

properties have following values: 0.2 % proof strength is equal to 728 MPa, ultimate tensile strength is equal 

to 1016 MPa and elongation to fracture is equal to 15.6 % [2, 3, 7].  

      (a)  (b)   

 Fig. 1 (a) Specimen geometry for in-situ tension test and (b) the Microtest™2000EW with EH 2000 heated 
grips tensile loading 

Table 1 Chemical composition (in wt. %) and nodule characteristics of ductile cast iron [2, 7] 

 

2.2 In situ tensile test 

The specimen was tested in-situ in the vacuum chamber of a scanning electron microscope TESCAN MIRA 

3 with FEG cathode using GATAN stage Microtest™2000EW with EH 2000 heated grips tensile loading 

stage. The tensile test was performed in force control mode with the motor velocity 0.1 mm/min at room 

temperature. The extension of jaws was measured by the extensometer mounted on the back side of the 

stage (Fig. 1b). During in-situ deformation SEM micrographs were taken using the four quadrant back-

scatter-electron (BSE) and secondary-electron (SE) detectors and the systematic observation of ten selected 

locations (in central and in border sections of the specimen) was realised. The images were taken for a set 

C Mn Si P S Cu Cr Ni Mg 

 

Fe 

 Nodule 
count 
(mm-2) 

Nodule 
Area 

fraction 
(%) 

Nodule 
diameter 

(m) 

Nodularity 
 (%) 

3.41 0.18 2.35 0.02 0.02 0.02 0.01 2.75 0.05 rest  566 9.53 20.58 92.5 
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of values of engineering stress corresponding to the tensile stresses 0, 440, 550, 714, 879, 905, 976, 1016 

MPa and after final fracture.  

 

 

 

 

  

      (a)                              (b) 

 Fig. 2 (a) Optical micrograph and (b) SEM-BSE images of microstructure (b) [2, 7] 

3 RESULTS AND DISCUSION 

The macroscopic view of the specimen surface before and after the tensile test shows Fig. 3. It 

demonstrates that the geometry arrangement of the specimen and the stage is axial and the final fracture 

appeared in the central part of the specimen without the effect of any bending effects. The tensile curve of 

ADI alloy is shown in Fig. 4a, where the arrows mark the locations when the straining was interrupted for 

observation of the specimen surface. The interruption produced characteristic relaxation effects. In the early 

stage of loading the stress-strain response is purely elastic (the proportional elastic limit is approximately 200 

MPa). This region has been fitted using linear regression function and the modulus of elasticity 

(corresponding to the dashed line in Fig. 4a) was evaluated. The same proportional elastic limit of ADI alloy 

was measured on standard cylindrical specimens using servohydraulic machine [7]. After exceeding the 

elastic limit the departure of the tensile curve from the pure elastic behaviour was shown. Macroscopically 

the material is still in elastic region and only after exceeding the macroscopic yield stress (approximately 890 

MPa) the material was in elastic-plastic region. Further increase of the stress lead to final fracture by joining 

pore defects. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Fig. 3 Specimen surface before (upper image) and after (lower image) tensile test 
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(a) 
 

(b) 
 Fig. 4 (a) The tensile curve of ADI alloy (the arrows show interruptions necessary for observation); (b) in-situ 

image of the specimen surface at the stress 1016 MPa 

The characteristic example of microstructural observations during in-situ tensile test shows Fig. 5. In the 

pure elastic region the images of graphite and matrix phases do not change in comparison to the original 

state (Fig. 5a). After exceeding elastic limit, the departure of the tensile curve from the pure elastic behaviour 

is connected with the decohesion of graphite nodules from the matrix. This was observed mainly at the 

edges of the phase graphite/matrix interfaces (see Fig. 5b,c,d) where the stress concentration factor is high. 

The cracking of graphite nodules and progressing decohesion due to the localized deformation of the matrix 

was observed mainly at the stress exceeding the yield stress (see Fig. 5e,f) and in the domain of 

appreciable plastic deformation (Fig. 5g,h,i). In elastic-plastic region the described mechanisms occurred at 

remaining graphite/matrix interfaces. The cracks initiated preferably from interface of graphite nodule and the 

ausferrite matrix (see Fig. 5i). The end of the elastic-plastic region is connected with the plastic deformation 

of the matrix and growth and linking of short cracks (Fig. 4b). During loading in elastic-plastic region the 

steadily growing stress is also due to strain induced phase transformation of retained austenite to the ferrite 
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in the matrix, mainly around the deformed graphite nodules. The neutron diffraction study [7] reported the 

decrease of retained austenite after tensile loading of ADI alloy to 9 %.  

a) b) 

c) d) 

e) f) 

g) 

 
h) 

 
i) 

 
 Fig. 5 SEM in situ surface observations of the 
specimen edge corresponding to the following 
stresses (in MPa): a) 0, b) 440, c) 550,  
d) 714, e) 879, f) 905, g) 976, h) 1016 and i) 
corresponds to final fracture. The loading axis is 
horizontal 

4 CONCLUSIONS 

The experimental in-situ SEM tensile tests of advanced austempered ductile cast iron (ADI) alloyed with 

nickel, and its analyses allow draw following conclusions:  
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 important details of the deformation mechanisms during tensile straining of ADI can be revealed by 

GATAN stage and microscope SEM-FEG MIRA 3. 

 the effect of nickel alloying lead to structure refinement and results in the increase of proportionality 

limit preferably due to lower effect of the notch effect of the graphite. 

 the departure of the tensile curve from the elastic behaviour is due to the decohesion of graphite 

nodules from the matrix. The macroscopic transition from formally elastic to plastic region is connected 

with cracking of graphite nodules and the plastic deformation of matrix.  

 in the elastic-plastic region the cracks initiate preferably from graphite/matrix phase interface grow and 

finally link in forming macroscopic crack leading to fracture.  
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Abstract 

Austempered Ductile Iron (ADI) and Austempered Gray Iron (AGI) are the most progressive group of 

graphitic irons in terms of the mechanical properties. The matrix of ADI/AGI is bainite-like, composed of 

ferrite needles and of residual austenite (up to 40 %) which is oversaturated by carbon. By a suitably chosen 

plastic deformation (shot peening, rolling, gear mesh) is in the surface induced the martensitic transformation 

of the residual austenite. This paper deals with the conditions needed for this transformation on specific 

materials. It is a part of the work, which results should support the production of this very progressive 

material in the Czech Republic. 

Keywords: austempered iron, martensitic transformation initiated by plastic deformation  

1. INTRODUCTION 

This paper discusses an experiment with controlled work hardening of castings made from austempered 

iron. Transformation hardening of ADI/AGI on specific parts is subject to corporate secrets, in the literature 

there´s no description of this hardening on specific product. That´s why there will be the subject of research 

and the task of further work. In this article it is a kind of "first sighting", which verifies in particular the 

martensitic transformation initiated by plastic deformation during selected terms of work hardening with help 

of X-Ray diffraction, metallography and measurements of microhardness. It's mainly about finding the 

optimal conditions for the diagnosis of this technology, so without anticipated phenomena and contexts. The 

experiment is a part of the doctoral thesis “Non-destructive structuroscopy of austempered iron” and also 

builds on the paper “The potential of isothermally hardened iron with vermicular graphite”. 

 

2. BASIC INFORMATION ABOUT SHOT PEENING 

Shot peening is a cold working process used to produce a compressive residual stress layer and to modify 

mechanical properties of alloys. It involves impacting a surface with shot (metallic, glass, or ceramic particles 

- balls) with force sufficient to create plastic deformation. In mechanical engineering is the shot peening 

primarily used to fight with fatigue problems, to prevent stress corrosion cracking, assist in form or shape 

correction or provide a uniform texture. The first three rely on the beneficial compressive stresses, while the 

fourth item is used only for the uniform appearance produced by the strict control of shot. In the shot peening 

of austempered iron there´s the added benefit - besides of the fatigue characteristics improvement, ADI/AGI 

responds favourably to work hardening that can improve its wear characteristics. This is the result of cold 

working, causing transformation of residual austenite to martensite (martensitic transformation initiated by 

plastic deformation). The shot peening is a controllable process. The depth of the compressive stress layer is 

a function of the kinetic energy imparted to the peened surface, which is a function of the mass*velocity of 

the shot. This depth of compression (or the point at which compressive stresses change to tensile) also 

reflects hardness of the material - at a given intensity (a measurement of the kinetic energy) the depth of 

compression is deeper on a softer material than on a harder material.  The kinetic energy is measured by a 

mailto:zuzana.andrsova1@tul.cz
mailto:bretislav.skrbek@tul.cz
mailto:ivana.sejnohova@atlas.cz
http://en.wikipedia.org/wiki/Metal
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standard known as Almen strip. But to get all of the advantages of shot peening requires more controls than 

determining of the intensity - there´s also necessary to maintain the shot integrity and to check coverage of 

peened areas. Of course, it´s preferred to use automated or computer controlled equipment. [8] 

3. MATERIALS AND THEIR TREATMENT 

For the above-mentioned dissertation was created a set of reference samples of cast iron with lamellar (C 

3,15; Si 2,24; Mn 0,19; P 0,02; S 0,016; Cu 0,02; Ni 0,01), vermicular (C 3.62; Mn 0.18; Si 3.5; S 0.015; P 

0.024; Cu 0.21; Mg 0.014; Mo 0.35; Cr 0.04) and nodular graphite (C 3.3; Si 2.45; Mn 0.25; Mg 0.046; Cu 

0.04; P 0.02; S 0.015). Chemical and structural compositions of samples were chosen to represent the most 

suitable used types of default iron. For the production of austempered iron is necessary to use as default an 

iron with specific chemical composition (limited contents of elements - especially Mo, Ni, Cu) with ferritic or 

ferritic-pearlitic matrix (labor savings in machining, impact on austenizing) with the largest amount of the 

small, most regular particles of graphite, preferably equally spaced (200-400 p/mm2) to achieve the desired 

effect of isothermal hardening. (The result of experiments should be the set of reference samples that can 

expand as needed for specific applications.) Heat treatment of the samples was chosen to cover the interval 

of prescribed parameters of isothermal hardening (temperatures and dwell time). Austenitizing temperature 

was chosen in the middle of interval - 900°C. Dwell time of austenitizing was 30, resp. 90 minutes (to 

achieve a different saturation of matrix by carbon from graphite) in prescribed inert atmosphere (to avoid 

decarburization of the surface). Isothermal temperatures were chosen through the whole interval - 240, 310 

and 400°C. Isothermal dwell times were 2.10 and 60 minutes, where only the 60 is the „right“ dwell 

Hardening was performed into the salt bath (As140) with final cooling in air. [1], [2], [3], [4], [5] 

4. EXPERIMENT 

To this experiment with surface hardening was selected 10 samples, which by its structure meet the 

requirements for transformation hardening, according to the terms of the heat treatment and the available 

measurements their matrix have contained only ferrite needles and residual austenite. Data on samples and 

their heat treatment are in Table 1.  

Table 1 The samples and their heat treatment 

 

Table 2 Conditions of shot peening 

 

The controlled shot peening is realized in 2 phases on VacuBlast device in Aero Vodochody, a.s. On this 

device is possible to determine the intensity of the peening (expressed by the pressure) and corresponding 

phase transformation, resp. depth of the hardened layer. It is realized by precise measurement of deflection 
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of Almen strips. This ensures repeatability of the process. Peening head movement is done automatically by 

robot FANUC M16lb/10L, in strips (in this case 3-4 crossings). Before each peening with different pressure 

had been at first peened the Almen strip and was measured its deflection. As the shot have been used steel 

balls (55-62 HRC, tempered martensite) with diameters in the range of 0,5-0,6 mm. These balls are during 

the peening continuously sorted - distorted pieces are separated, so the integrity of the shot is ensured. The 

shot peening device is in Fig. 1. In the first stage have been used 5 pressures in the range 1-3 bar (see 

Table 2). Initial pressure of 2 bar (medium) was chosen from the first test on a sample 9K1 310, where it was 

used a maximum pressure of 6 bar. This test was done primarily to verify the possibility of transformation of 

residual austenite to martensite. According to metallography the influenced layer was about 100 µm, 

however, the sample surface was almost destroyed - with Ra=12.5 and with torn out material. According to 

the experience of the operator is commonly used pressures max. 3 bar (steel), the soft materials only about 

0.8 bar. The first sample 9K1 310 was not the best in terms of structure because, due to its heat treatment 

(short isothermal dwell - 10 min), already contained a small amount of martensite. Yet the transformation of 

the contained residual austenite to martensite, initiated by plastic deformation, was confirmed by X-Ray 

diffraction, microhardness and metallographically. Therefore, the next test used only samples with the 

longest 60 min. dwell and medium and high temperature (310 a 400 °C) to exclude the presence of 

martensite before hardening.z 

 

 Fig. 1 Controlled shot peening; a) VacuBlast device, b) used shot, c) Almen strips 

During the shot peening a layer of material arises, which is hardened thanks to the plastic deformation. The 

existence and the depth of the hardened material was determined metallographically (LOM Zeiss Axio 

Imager 2, software Axio Vision 4.8) and by measurement of the microhardness gradient (Fischerscope XY, 

HV 0.1). However, it is necessary to distinguish whether it is only a compressive stress layer, or also the 

desired transformation of residual austenite to martensite. To confirm this transformation were carried out 

qualitative and quantitative X-ray phase analysis (θ - θ diffractometer X’Pert PRO MPD in Bragg-Brentan 

focusing geometry, software TOPAS) both on the surface of the samples and their inner structure 

(represented by metallographic samples). We are not able to completely distinguish ferrite from martensite 

(similar lattice Fe) and so transformation can be deduced mainly from a quantitative difference between 

contents f residual austenite [6, 7]. 

Besides hardening surface condition of samples after shot peening has been also assessed. This is very 

important because these materials are due to its excellent properties often used for dynamically loaded 

components, which fatigue resistance is mainly conditioned by quality surface. Therefore it has been 

measured surface roughness Ra and Rz and surfaces were also scanned using macroscope (stereo Zeiss 

STEMI DV4 with LED illumination, software NIS Elements BR) and light optical microscope in Z-stack mode 

(Zeiss Axio Imager 2, software Axio Vision 4.8). In Figs. 2-7 gradients and analysis of three selected 

samples can be seen. 
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 Fig. 2 9C6 400 after the shot peening; a) microstructure of the surface layer (BF, 500x) b) 3D image of the 

surface (BF, 25x), c) surface roughness 

 

 Fig. 3 9K6 400 after the shot peening; a) microstructure of the surface layer (BF, 500x) b) 3D image of the 
surface (BF, 25x), c) surface roughness 

 

 

 Fig. 4 9L6 400 after the shot peening; a) microstructure of the surface layer (BF, 500x) b) 3D image of the 
surface (BF, 25x), c) surface roughness 

5. DISCUSSION 

Samples were grinded on metallographic grinders before the peening, with removal of material min 0,5 mm. 

In the case of samples, which haven´t been during the heat treatment protected against oxidation 

(deliberately created decarburization for the purpose of NDT diagnostics of unwanted layers), were 

previously milled and grinded layers of 1.5 mm. Yet on several samples occurred another, hidden 

decarburization, which reflected until during the measurement of microhardness (surface structure, which 

has not been enough saturated by carbon during austenitization had lower hardness). From the 

microhardness gradients is nevertheless apparent a hardening, however, values of hardness achieved in the 

decarburized layer do not exceed values of the internal structure. Due to an error in the preparation of some 

samples, thus did not improve their utility properties, although it would be presumable. Layers modified by 

peening reach thicknesses in the range of cca 30 - 120 microns. The main influence has of course applied 

pressure (intensity) of the peening, of these results, however, is not yet possible to establish a clear 
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dependence, since each sample is made of a slightly different material. Also determination of the 

dependence pressure/layer thickness for each material will be the task of further research. 

Table 3 Quantitative phase analysis of metallographic and bulk samples 

 

The qualitative and quantitative phase analysis shows that peened bulk samples contain a significantly 

higher proportion of Fe compared to the other phases in comparison with metallographic samples (see 

Table 3). The exception is the bulk sample 9K6 310 which still contains about 14 % of austenite. However, 

even in the case of this sample is the proportion of Fe higher than in the metallographic sample. It can thus 

be concluded that during the plastic deformation was realized the required transformation of austenite to 

martensite. 

 

 
 Fig. 5 Diffraction records of 9C6 400 a) metallographic sample, b) bulk sample 

 

 
 Fig. 6 Diffraction records of 9K6 400 a) metallographic sample, b) bulk sample 

 

 
 Fig. 7 Diffraction records of 9L6 400 a) metallographic sample, b) bulk sample. 
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Table 4 Roughness of peened surfaces 

 

 

 
 

 Fig. 8 Microhardness gradients of selected samples; a) 9C6 400, b) 9K6 400, c) 9L6 400 
 

 

As the most suitable for peening of used samples from ADI seem to be pressures in the range of 2 bar - 3 

bar. At these pressures originated sufficient depth of hardened layer in the order of tens of microns, while the 

surface roughness Ra is not significantly worse, varies within the range of about Ra 1,6 (see Tab. 4). In case 

of samples from AGI with vermicular graphite could be applied pressures of 1,5 to 2 bar, when there also 

arises sufficient depth of the hardening and the surface quality is still satisfactory with Ra around 1,3. At 

higher pressure the surface roughness has increased to twice. At a pressure of about 1 bar the depth of 

hardened layer on ADI and AGI vermicular vary at minimum value about 30 microns, which is on the edge of 

measurability by microhardness and by available NDT methods, while surface roughness is not significantly 

better. Almost useless is probably this specific shot peening for samples from AGI with lamellar graphite - 

even at lower pressures there was a significant surface damage (lamellae of graphite at the surface even 

"come out" of the matrix - see metallography). Lamellar graphite by its nature also makes difficult the 

measurement of the gradient of microhardness, results are therefore not fully reliable. In the case of 

continuation of experiments could be further quality of the surface affected by the change of the shot (finer 

steel balls, or the use of glass particles). 
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In the next procedure samples will be grinded in depth to remove all possible decarburization (the results of 

microhardness can be followed) and then the samples (except GJL) will be shot peened again in the 2nd 

phase on the selected pressure of 2 bar. After the peening will be performed again the metallography and 

the gradient of microhardness and in case of decarburized samples even the new diffraction. These samples 

will then be used as the default for future research of controlled surface hardening of ADI/AGI. 

CONCLUSION 

We can say that this initial experiment despite the difficulties mentioned above have verified the possibility of 

use of the martensitic transformation initiated by plastic deformation during the controlled shot peening of 

austempered iron. Follow-up research will continue with more extensive tests of peening conditions, will 

closely investigate the properties of the surface layers and will develop methods of NDT detection / 

measurement of the depth of these layers, to ensure the comprehensiveness of diagnostics of austempered 

castings following the original dissertation dealing just with NDT structuroscopy of these materials. 
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Abstract  

This work contains a detailed description of the kinetics of phase transformations occurring during tempering 

of two Cr-Mo-V tool steel with different carbon content (0.37 and 1.22 %). The temperature ranges of the 

phase transformations occurring during heating from the as-quenched state (tempering) were determined 

from dilatometric tests. An interpretation of dilatograms of heating from the as-quenched state was also 

presented. The temperature ranges of the observed transformations during tempering of investigated steel 

were presented on CHT (Continuous Heating Transformations) diagrams. Moreover, the microstructure 

development in tested samples, reflecting extend of the phase transformations during tempering, was 

discussed too.  

The change in microstructure of the investigated steels during heating from the as-quenched state results 

from precipitation of  and M3C carbides, and transformation of different amount of retained austenite to 

tempered martensite. The most preferential sites for precipitation of cementite are martensite laths 

boundaries, indicating that its nucleation is independent. It was also noticed, that precipitation of cementite 

takes place only when precipitations of metastable  carbide are present in the microstructure. The 

morphology of the obtained microstructures is similar to that of upper bainite, suggesting that it is a likely 

reason for a tempered brittleness.  

Precipitation of MC and M2C type alloy carbides have not been detected although the investigated steels 

molybdenum and vanadium, and 0.37 or 1.22 % carbon contain.  

Keywords: tool steel, tempering, carbides, cementite, retained austenite  

1. INTRODUCTION  

The microstructure and properties of tools have strong influence on their throughput and reliability what 

favors development of mechanization and automate of technological lines. An increased interest of the 

machine elements production made of advanced materials (such as high alloyed steels or titanium alloys) 

forces the development of tool materials for their forming at high temperatures.  

Steels are a typical material for tools production. For high temperatures application a hot-work and high 

speed steels are applied [1÷5]. Heavy exploitation conditions of tools and structure parts induce often 

researchers to search for new materials characterized with thermal resistance and a high wear resistance at 

increased temperatures [6-9]. 

The most important properties of tool steels are: the bending strength, hardness and wear resistance at 

working temperatures as well as the resistance to rapid, cyclic changes in temperature (thermal fatigue). The 

above properties are achieved by the proper selection of chemical composition and heat treatment 

conditions [1,10,11].  

By changing the microstructure through heat treatment it is possible to obtain a required combination of high 

hardness and mechanical strength and good ductility. As the phase transformations occurring during 
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tempering are controlled by diffusion, for steel with a given chemical composition the major role in obtaining 

of required properties is played by the tempering parameters, such as temperature and time [12-14]. 

2. MATERIAL FOR INVESTIGATION 

The research was conducted on two Cr-Mo-V steels designed at the AGH UST by the Phase 

Transformations Research Group. Their chemical compositions are given in Table 1.  

The 50 kg ingots (120 mm in diameter), produced under laboratory conditions, were forged into bars having 

cross-sections of 20x35 mm. Bars where subsequently annealed and machined to size required for 

dilatometric specimens.  

Table 1 Chemical composition of the investigated steels 

Grade C Mn Si P S Cr Mo V Al Fe 

35MnCrMoV8641 0.37 1.93 0.35 0.014 0.03 1.60 0.43 0.12 0.04 bal. 

120MnCrMoV8642 1.22 1.93 0.19 0.018 0.02 1.52 0.36 0.17 0.04 bal. 

The dilatometric investigations were performed using the Adamel DT1000 high-speed dilatometer. 

Specimens 2 mm in diameter and 12 mm high, were austenitized for 20 minutes, quenched and heated to 

700 C at a rate ranging between 0.05 and 35 C/s. Additionally quenched samples were heated with a rate 

of 0.05 °C/s up to chosen temperatures. The microstructures of the samples were examined by a light 

microscope Axiovert 200 MAT and using JEM 200CX microscope.  

3. RESULTS AND DISCUSSION 

After quenching from 870C the microstructure of the 35MnCrVMo8641 steel (Fig. 1) consists of 

martensite and retained austenite (about 5.6 %), located between laths of martensite. On the other hand, 

after quenching from 900°C the microstructure of the 120MnCrMoV8642 steel (Fig. 2) consists of 

partially twinned martensite, retained austenite (about 36.8 %) and un-dissolved M3C type carbides. The 

retained austenite appears as islands and thin layers between laths of martensite. Since for the 

120MnCrMoV8642 steel Accm=960 °C, the manganese and chromium containing alloyed cementite 

remains in the microstructure after quenching from 900 °C. Such carbides were, however, found to have 

negligible effect on tempering. 

 Fig. 3 shows a dilatograms of the quenched samples heated with a rate of 0.05 C/s, along with the 

corresponding differential curves showing a method of an interpretation of dilatograms, basing on which a 

CHT diagrams were created. It is apparent that during, the first stage of tempering, the investigated steels 

exhibits shrinkage, which may mainly be attributed to  carbide precipitation. This shrinkage starts at s 

temperature, and ends at f one. When the f temperature is reached, the second stage of shrinkage starts 

almost immediately and, at this time, it is associated with the precipitation of alloy cementite. That is why, it 

was assumed that the temperature of the termination of  carbide precipitation (f) is equal to the 

temperature at which the precipitation of alloy cementite starts (M3C)s. A positive dilatation effect connected 

with retained austenite transformation can also be noticed. This effect is noticeable in the temperature range 

of retained austenite starts (RAs) ÷ retained austenite finish (RAf). It can also be noticed, that retained 

austenite transformation takes place in the temperature range of cementite precipitation, that is between 

(M3C)s and (M3C)f temperatures. The positive effect related to retained austenite transformation in the 

120MnCrMoV8-6-4-2 steel is stronger than the 35MnCrMoV8-6-4-1 steel. It is important that, the rise in 

carbon from 0.37 (35MnCrMoV8-6-4-1 steel) to 1.22 % (120MnCrMoV8-6-4-2 steel) brings about a profound 

increase in the dimensional change corresponding to a particular transformation and virtually does not affect 

the transformation start and finish temperatures.  
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a) b) 

  

 Fig. 1 Microstructures of the 35MnCrMoV8-6-4-1 steel quenched from 870°C: a) Light microscope, b) TEM 
 
a) b) 

  

 Fig. 2 Microstructures of the 120MnCrMoV8-6-4-2 steel quenched from 870°C: a) Light microscope, b) TEM 
 

a) b) 

  

 Fig. 3 Dilatometric curves recorded for the investigated steels during continuous heating from as-quenched 
state at the rate 0.05°C/s: a) 35MnCrMoV8-6-4-1, b) 120MnCrMoV8-6-4-2 

 

 Fig. 4 shows CHT diagrams for the investigated steels. The diagrams show the ranges of  carbide and 

cementite precipitation as well as the temperature range for the transformation of retained austenite. As can 
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be noticed, transformation start and transformation end temperatures increase with increasing heating rate 

from 0.05 to 35 °C/s. Both diagrams are similar. 

a) 

 
b) 

 
 Fig. 4 CHT diagram for investigated steels: a) 35MnCrMoV8-6-4-1, b) 120MnCrMoV8-6-4-2. The temperatures 

of the end of heating the samples for metallographic investigation are marked red 

The microstructures of 35MnCrMoV8-6-4-1 steel, which was quenched from 870°C and subsequently heated 

with the rate of 0.05 °C/s up to 210, 320 and/or 420 °C are shown in Fig. 5a-c. These are the characteristic 

temperatures, at which the following phenomena were observed on the tempering dilatograms for the  

0.05 °C/s heating rate: the end of precipitation of  carbide (before the beginning of transformation of 

retained austenite), maximum effect of transformation of retained austenite and the end of cementite 

precipitation. The presented microphotographs indicate a diversified rate of advancement of transformations 

during tempering depending on the temperature up to which the quenched samples of the investigated steel 

were heated. Heating up to 210 °C caused precipitating of  carbides, which are visible as small dispersion 

particles in dislocations. Heating to this temperature doesn’t cause other changes in the microstructure of 

investigated steel. Heating the samples to the temperature of 320 °C resulted in some further microstructural 

changes. On microphotography one can see a cementite precipitated in a form of long plates. However, a 

volume fraction of retained austenite observed in the microstructure was the same. Whereas heating up to 

420 °C caused complete transformation of retained austenite and precipitation of greater volume of 

cementite particles. 

In the 120MnCrMoV8-6-4-2 steel (Fig. 5d-f) heating up to 210 °C caused almost complete precipitation of  

carbide. Heating up to 210 °C additionally ease condition for precipitation of cementite. The twinned 

boundaries of martensite were observed in the microstructure. No other changes comparing to the as-

quenched state were observed in the microstructure. Well-defined changes in microstructure were observed 
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after heating up to 370 °C - for the the 120MnCrMoV8-6-4-2 steel it is the end of the transformation of 

retained austenite into tempered martensite. The cementite precipitates in the boundaries of martensite 

laths. Additionally, any retained austenite was detected in the microstructure. Heating up to 520 °C brings 

about coarsening of precipitated particles of cementite. 

a) 210 °C b) 320 °C c) 420 °C 

   
d) 210 °C e) 370 °C f) 520 °C 

   
 Fig. 5 Microstructures of investigated steels samples quenched and subsequently heated up to chosen 

temperatures with the rate of 0.05°C/s: a,b,c) 35MnCrMoV8-6-4-1; d,e,f) 120MnCrMoV8-6-4-2. TEM 

4. CONCLUSION 

The results obtained in this study allow to formulate the following conclusions: 

 The change in microstructure of the investigated steels during heating from the as-quenched state 

results from precipitation of  and M3C carbides, and transformation of different amount of retained 

austenite to tempered martensite.  

 The rise in carbon from 0.37 to 1.22 % brings about a profound increase in the dimensional change 

corresponding to a particular transformation and virtually does not affect the transformation start and 

finish temperatures.  

 The most preferential sites for precipitation of cementite are martensite laths boundaries, indicating 

that its nucleation is independent. It was also noticed, that the precipitation of cementite takes place 

only when precipitations of metastable  carbide are present in the microstructure. The morphology of 

the obtained microstructures is similar to that of upper bainite, suggesting that it is a likely reason for a 

temper brittleness.  

 Precipitation of MC and M2C type alloy carbides have not been detected although the investigated 

steels contain molybdenum and vanadium, and 0.37 or 1.22 % carbon.  
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Abstract  

This paper presents a study of microstructure and mechanical properties of low alloyed steel 32CDV13 

treated by plasma nitriding. This nuance is used in manufacturing mechanical pieces that are greatly 

solicited in fatigue as the transmission gearings on the helicopters’ rotors and the rolling used in aeronautic; 

an ion nitriding treatment was carried out. The increase of the nitrogen percentage, at a middle temperature 

and at determined treatment time, conducts to the formation of a compound layer, increases significantly the 

diffusion layer thickness and improves the mechanical properties. With the traditional techniques of analysis 

as the optic microscopy, the scanning electron microscopy and microhardness tests we can determine the 

microstructural and the mechanical properties of nitrided layers.  

Keywords: Ion nitriding; Steel 32CDV13; Microstructure; Microhardness.  

1. INTRODUCTION  

Nitriding is a thermochemical process that is typically used to diffuse nitrogen into ferrous materials. This 

treatment plays an important role in modern manufacturing technologies [1]. It can improve surface 

hardness, fatigue strength, wear and corrosion resistance. Nitrogen ion processes are well known to improve 

mechanical, wear and corrosion resistance of steels. Several studies about these improvements in different 

steels can be found in the literature [2-13]. 

The basic mechanism of plasma nitriding treatment is a reaction between the plasma and the surface of the 

metal. In addition, depending on the steel compositions and process parameters, the plasma mass transfer 

has an effect on the formation and thickness of compound layer and diffusion zone [7].  

Plasma nitriding owing to a number of advantages such as a lower process temperature, a shorter treatment 

time, minimal distortions and low energy use compared to conventional techniques has found wide 

applications in industry [2, 3]. 

The aim of the present work is to study the effect of gas mixture (N2-H2) on the microstructure of 32CDV13 

low alloyed steel treated by ion nitriding process.  

2. EXPERIMENTAL  

A series of experiments were carried out to investigate the plasma nitriding of low alloyed steel 32CDV13. 

The chemical composition of low alloyed steel 32CDV13 is shown on (Table 1). 

Table 1 The chemical composition of steel 32CDV13. 

Elements         C     Cr    Mo    V    Mn    Ni    Si 

  % mass          0.32   2.93   0.9   0.32   0.48   0.1   0.24  

This steel, commonly used for nitriding, presents good toughness. The substrate surface was prepared and 

polished with 1 μm diamond paste. Samples were nitrided in a vacuum furnace pumped down to low 
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pressure (10−3 mbar) to minimize the oxygen contamination. The temperature is measured using 

thermocouple. The nitriding parameters were fixed similar to previous works [2,7].  

The samples morphology surfaces were observed by optical microscopy and scanning electron microscope 

(SEM). The composition of the nitrided layers was verified by Energy Dispersive Spectroscopy (EDS). The 

specimens for optical microstructure observation were prepared by chemical etching using 5 % hydrofluoric 

acid solution. The nitrided layers were revealed, at room temperature, by etching the samples with Nital 2 % 

(2 % v/v nitric acid in absolute ethanol). X-ray diffraction analyses were obtained by using Co Kα tube in 

Bragg-Brentano geometry in the range from 40° to 110°. Finally, microhardness profiles were measured to 

confirm the layer thickness and to evaluate its uniformity. 

3. RESULTS AND DISCUSSION 

3.3 Microstructure Subchapter title  

The compound layer thickness and diffusion zone of the plasma nitrided 32CDV13 low-alloy steel depending 

on the N2 in the gas mixture are shown in (Fig. 1). It can be observed that thickness of compound layer and 

diffusion zone increases with increase of N2 at the gas mixture in plasma, at temperature 773 K and 4 h 

treatment time. 

 

 Fig. 1 Optical micrographs plasma nitrided low alloyed steel 32CDV13 at 773 K and 4 h treatment time: 

(a) 20 %N2, (b) 60 %N2, (c) 80 %N2, (d) 100 %N2 

The micrographic SEM of sample nitrided during 4h in gas mixture (20 % H2 - 80 % N2) at 773 K (Fig. 2) 

shows the formation of compound layer (white layer) which increases during the process to achieve a 

thickness around 5 μm. The layer thickness is the most important in this case. The addition of hydrogen in 

concentration range of 20-40 % results in thicker layers and enhanced surface hardness compared with 

treatment in pure nitrogen. Excessive amounts of hydrogen retard the nitriding process. 
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Fig. 2 Micrographic SEM of sample nitrided during 4h in gas mixture (20 % H2 - 80 % N2) at 773 K 

EDS microanalysis showed that the nitrided layer contained a high amount of nitrogen on the surface and 

the nitrogen concentration decreased along with the increase of the distance from surface until the substrate 

value at a depth of about 100-150 μm (Fig. 3).  

 

Fig. 3 Concentration profile of elements N, Cr and Fe. 

3.2 X-ray diffraction 

Treatment of nitriding by plasma at 773 K and 4 h of treated time produced different nitrided layers in terms 

of morphology, thickness and phase structure: α phase (corresponding to the steel matrix), the ε-Fe2-3N 

phase and the γ’-Fe4N phase. XRD analysis was performed on treated samples (Fig. 4). To demonstrate the 

effect of the treatment, the diffraction pattern obtained from the untreated material is displayed in the same 

graph. 

When the XRD patterns were examined, it has been seen that both γ’-Fe4N and ε-Fe2-3N phases have 

formed and the intensity of this phases in the compound layer is higher in the process, while the N2 increases 

in gas mixture.  

On increasing nitrogen, the α phase vanishes in thicker nitrided layers, its contribution becomes less intense 

to the point of disappearing 
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The XRD patterns shown in Fig. 4 indicate that treated samples consist of a mixed structure of γ’-Fe4N and ε 

-Fe2-3N. However, the relative peak intensities of the two phases are different in samples with different 

conditions [13]. It is possible to infer that the presence of ε and γ’ iron nitrides is determinant to produce the 

higher hardness. 

 

Fig. 4 XRD patterns of samples treated at 773 K for 4 h of treatment at different nitrogen percentage 

3.3 Micro-hardness measurements 

(Fig. 5) shows micro-hardness profiles of samples treated at 773 K for 4 h of treatment time at 20/80, 50/50, 

60/40, 80/20 and 100/0 of N2-H2 gas mixture. Micro-hardness profiles obtained from cross-sections of treated 

specimens show the presence of a slope interface between the case (nitrided layer) and the core. All 

samples show high surface micro-hardness values that drop decreasingly at the case/core interface to 

substrate micro-hardness values. As seen in the (Fig. 4), higher surface hardness values and big depth are 

obtained at 80 % N2 + 20 % H2 gas mixture. We can see a higher hardness to 100 % N2 in near of the 

sample surface, but this value decreases to a depth of about 50 μm which explains the role of H2 in the 

diffusion of nitrogen in the substrate. These results are in good accordance with those of Krishnaraj et al. 

[14] who studied the mechanical properties of plasma nitrided steel. Priest and al. [15] studied the effect of 

hydrogen in the case of nitriding to low pressure of steels. They showed that hydrogen have an effect on the 

diffusion of nitrogen. 

 
Fig. 5 Micro-hardness profiles of samples treated at 773 K for 4 h of treatment at different nitrogen 

percentage 
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4. CONCLUSION 

The microstructure and mechanical properties of low alloyed steel 32CDV13 nitrided by plasma were studied 

as a function of concentration of gas mixture. The results obtained show that after 4 hours of treatment and 

in gas mixture (80 % N2, 20 % H2) at 773K a compound layer and diffusion zone was formed. The compound 

layer corresponds mainly to Fe2−3N and Fe4N iron nitrides and it has been observed that increasing nitrogen 

in plasma increases significantly the compound layer and the diffusion zone and improves the mechanical 

properties.  
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Abstract 

The hereby work presents the influence of heating rate on the phase transformations during tempering. The 

tempering of the as-quenched samples of two Cr-Mn-Mo model alloys with different carbon content was 

made at 350 °C. The temperature 350 °C was chosen because the irreversible temper brittleness effect 

occurs. The investigations of phase transformations during tempering of the steels were made on the 

grounds of dilatometric curves recorded during heating from as-quenched state. Heating to 350 °C was 

made with two different heating rates (150 °C/s and 5 °C/s). Dilatometric investigations were performed by 

use of the DT 1000 dilatometer made by Adamel, and L78 R.I.T.A. (Rapid Intensive Thermal Analysis) 

dilatometer made by Linseis. 

The methodology of the dilatometric investigation and the method of the characteristic points determination 

were described. As it is known, the temperatures of starting and ending of individual phase transformations 

increase with the heating rate increase. It is possible to obtain a difference in the advancement of various 

phase transformations during tempering, through different heating rates to the selected temperatures.  

It is possible to reduce probability of the occurrence of some phase transformations (e.g. transition carbides) 

in favor of other (e.g. cementite carbides). The difference in advancement of the various phase 

transformations can effects on various mechanical properties of the steels above all toughness and 

hardness. 

Keywords: alloy steels, phase transformations, irreversible temper brittleness effect, dilatometric 

investigations, transition carbides, cementite carbides. 

1. INTRODUCTION 

A phase transformation occurring during tempering of steels depends not only on the carbon content in the 

martensite and in retained austenite, but also on the content of various alloying elements. Tempering 

reduces the hardness, residual stress, but increases the ductility. The structural changes that occur during 

tempering of steels depend on the temperature, time of the process and the concentration of carbon. After 

tempering of the low alloy steels above 200 °C (range of low and medium tempering) transition carbide ε 

transforms into cementite and retained austenite into fresh martensite [1, 2]. Mostly in each grade of the 

steel during tempering above 200 °C the unfavorable irreversible temper brittleness effect occurred which is 

very interesting problem [3-8]. This effect is often explained by the transformation of the epsilon carbides as 

well formation of cementite. 

In order to investigate precisely the kinetics of phase transformations during heating from as-quenched state 

the CHT (Continuous Heating (from as-quenched state) -Transformation) and IHT (Isothermal Heating 

Transformation) diagrams were created. With these diagrams the different changes occurring during 

tempering can be easily tracked. There are several publications in which the important information from 

these diagrams is presented [9-13]. 

The effect of heating rate to the tempering temperature on the microstructure and properties of lath 

martensite tempered at a various temperatures was studied in literature from point of the cementite 
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precipitations view [14]. It has been shown that cementite dispersion is finer and more uniform in the rapidly 

heated and tempered specimen than in the slowly heated and tempered specimen. It was considered that 

increase of the heating rate to the tempering temperature leads to a higher nucleation rate and a finer 

dispersion of cementite [15]. The induction heating with a rapid heating rate (100-200 K/s) is more effective 

for the improvement of strength and toughness than the ordinary slow heating and tempering (1 K/s). It was 

considered that the size of cementite seems to be refined by wit the increase of the heating rate to tempering 

temperatures. 

The hereby work presents the influence of heating rate on the phase transformations during tempering. It is 

possible to reduce probability of the occurrence of some phase transformations in favor of other. The 

difference in advancement of the various phase transformations can effects on various mechanical 

properties of the steels above all toughness and hardness. 

2. TEST MATERIAL 

The investigations were performed on the two Cr-Mn-Mo model steels with different carbon content whose 

chemical composition are presented in Table 1. The material was supplied as bars of a rectangular cross-

section of dimensions 35x20 mm after soft annealing at 650 °C for 10 hours after forging. Before the 

beginning of examinations it is necessary to apply an adequate heat treatment to have the material in a state 

near the equilibrium one. Therefore for the WII steel the normalizing was proposed, and for the WIII the 

technology of soft annealing was applied. 

Table 1 The chemical composition (wt. %) of the investigated alloys 

 C Mn Si P S Cr Ni Mo V Fe 

WII 0.30 1.41 0.14 0.014 0.007 1.78 0.02 0.25 0.19 bal. 

WIII 0.99 1.51 0.13 0.009 0.012 1.88 0.01 0.27 0.17 bal. 

3. EXPERIMENTAL PROCEDURE AND RESULTS 

Dilatometric investigations were performed by use of the L78 R.I.T.A. (Rapid Intensive Thermal Analysis) 

dilatometer made by Linseis. By the use of this dilatometer the isothermal tempering test at 350 °C was 

performed, also hardening of the sample was performed by the use of this dilatometer (Fig. 1)  

The austenitising temperature was assumed, in a standard way on the bases of data from [10], which means 

50 °C higher than Ac3 temperature for W II steel and 50 °C higher than Ac1f temperature for W III steel.  

The samples ware quenched from corresponding austenitizing temperatures in the dilatometer with the 

cooling rate of 160 °C/s which corresponds to the rate of cooling (hardening) the samples from the 

toughness test in the water. It is the output state for research of the kinetics of phase transformations during 

heating from as-quenched state. Fig. 1 shows the dilatometric curves with the corresponding differential 

curves of quenching the samples in the dilatometer with marked Ms temperature. As you can see that in 

each of steel after cooling with 160 °C/s on the dilatograms only one positive effect associated with the 

martensitic transformation occurs. After that cooling microstructure of the investigated steels will consist of: 

martensite and the retained austenite and for high carbon steel also hypereutectoid cementite. 

After quenching samples ware heated in the dilatometer with two different heating rates 5 °C/s (tempering I) 

and 150 °C/s (tempering II) to the 350 °C and then holed at this temperature for 2 hours. In the Fig. 2 it can 

be seen the schema of the heat treatment of the samples. 
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 Fig. 1 The dilatometric curves with the corresponding differential curves of hardening the samples with 

marked Ms temperatures for each of the steel 

 

 Fig. 2 The Schema of the heat treatment of the samples to the research on the effect of heating rate on 

phase transformations during tempering 

The Fig. 3 contents the results from the dilatometric investigation on the kinetics of phase transformations 

during heating and isothermal holding from as-quenched state samples from investigated steels. The 

dilatometric curves are shown together with the corresponding differential curves. There are curves of 

heating (a, c), isothermal holding for 2 h at 350 °C (b, d) and the enlarged section (e, f) of the marked in 

yellow area from the isothermal holding curves. On the curves of heating and isothermal holding the 

occurred phase transformation are marked. 

a) b) 

  
  



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

703 

c) d) 

  

 Fig. 3 The dilatometric curves of heating the samples from steel a) WII and c) WIII, isothermal holding for 2 

h at 350 °C of b) WII and d) WIII steels 

These curves show that during heating hardened samples from WII steel with the rate of 5 °C/s we can marc 

the εs and εf temperatures (the start and finish of the ε transitional carbide precipitation), start temperature of 

retained austenite transformation and start temperature of precipitation of the cementite. However, in the 

case of heating with the rate of 150 °C/s it cannot be see any effects that may be associated with the phase 

transformations. These differences significantly effects on the phase transformations during isothermal 

holding.  

You can see that the increase in heating rate to the isothermal holding, shifts highly the transformation of 

retained austenite it has a little influence on the carbides precipitation. Short time between the precipitation 

of the transition carbides and cementite formation strongly effects on the morphology of cementite. This may 

significantly effect on the mechanical properties.  

During heating hardened samples from WIII steel with the rate of 5 °C/s the precipitation of the ε transition 

carbide is more intensive, the transformation of retained austenite begins and the cementite precipitation 

started. However, in the case of heating with the rate of 150 °C/s occurs only on negative dilatation effect 

with can be associated with the precipitation of the ε transition carbide. These differences significantly effects 

on the phase transformations during isothermal holding.  

Also like as in the case of WII steel in the case of WIII the heating rate to the isothermal holding strongly 

effects on the retained austenite transformation and low on the carbides precipitation. 

 Fig. 4 presents the photos of the microstructure of the dilatometric samples after dilatometric investigation 

photos were taken using the scanning electron microscope HITACHI SU-70. 

As you can see the microstructure of the samples from WII steel after described heat treatment consists of 

tempered martensite and many of fine carbides formed during tempering. It can be seen that for the samples 

heated with heating rate 150 °C/s results that the precipitated carbides during tempering are smaller. 

Microstructure of the samples from WIII steel after described heat treatment consists of tempered martensite 

and undissolved during austenitizing hypereutectoid cementite also within fine carbides precipitated during 

tempering. It can be seen that for the samples heated with heating rate 150 °C/s results that the precipitated 

carbides during tempering are smaller. 
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a) b) 

  
c) d) 

  

 Fig. 4 Microstructure of the investigated steels previously hardened then heated with the rate of 5 °C/s for 

the a) WII, c) WIII steel, and with heating rate of 150 °C/s for the b) WII, d) WIII steel, to the isothermal 

holding at 350 °C 

4. CONCLUSIONS 

The kinetics of phase transformation for quenched and isothermal held at 350°C steels was investigated at 

two different heating rates 150 °C/s and 5 °C/s. The following results were obtained:  

During heating hardened samples from WII steel with the rate of 5 °C/s the precipitation of the ε transitional 

carbide ends, begins the transformation of retained austenite and precipitation of the cementite.  

During heating hardened samples from WII steel with the rate of 150 °C/s it cannot be see any dilatation 

effect that may be associated with the phase transformations.  

The increase in heating rate shifts highly the transformation of retained austenite it has a little influence on 

the carbides precipitation  

During heating hardened samples from WIII steel with the rate of 5 °C/s the precipitation of the ε transition 

carbide ends, begins the transformation of retained austenite and precipitation of the cementite.  
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During heating hardened samples from WIII steel with the rate of 150 °C/s, occurred only on negative 

dilatation effect with can be associated with the precipitation of the ε transition carbide. 

In the case of WIII, the heating rate to the isothermal holding strongly effects on the retained austenite 

transformation and low at the carbides precipitation. 
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Abstract 

Hydrogen trapping plays an important role in the embrittlement of some high performance alloys. A correct 

understanding of hydrogen redistribution from the onset of the manufacturing process would allow the 

prediction and prevention of severe material degradation. 

Hydrogen presents high solubility at high temperatures in many alloys, but not so at room temperature. As 

the solubility of hydrogen drops with lowering temperature or microstructure change, hydrogen excess 

becomes stored in various microstructural features (traps) including dislocations, grain boundaries or 

precipitate interfaces.  

Traps are often categorised in two wide groups: shallow or reversible traps and deep or irreversible ones. A 

physically more accurate model describes each trap as potential energy pits and considers the characteristic 

energy barrier to release an hydrogen atom from it. Using that description, a physical model accounting for 

the redistribution of interstitial atoms in ferrous alloys has been implemented.  

The model permits the study of the effect of different microstructure characteristics on the trapping, 

detrapping and general redistribution of hydrogen, taking into account the thermal cycle and the separate 

contribution of deformation level, dislocation distribution, grain size, carbide presence and distribution, et c. 

and their interaction. 

To illustrate the predictions of the model, a comparison between two idealised low alloy steels is finally 

presented. Both alloys are rapidly cooled and in each austenite transforms into a different microstructure. 

Steel A transforms at high temperature to become large grained, undeformed allotriomorphic ferrite while 

Steel B transforms at lower temperature becoming a stressed mixture of bainite and martensite.. 

Keywords: Hydrogen, trapping, steel, microstructure, physical model 

1. INTRODUCTION 

The risk of severe degradation caused by hydrogen on some high strength alloys has long been 

acknowledged [1-2], and due to their technological and economic relevance, it is a phenomenon that has 

attracted intense research for decades [1-6] although it has not been physically modelled until recently [7-

10]. 

However, as important as understanding the flux of hydrogen atoms within the metal matrix, is understanding 

the influence of microstructure and the distribution and physical characteristics of different types of traps in 

such flux and redistribution [11-14]. In the same way that the early stages of this work did permit to propose 

method to reduce hydrogen content in ferrous alloys [15], the work presented here contributes toward the 

acquisition of a better understanding of the interaction between trap type and trap distribution, alloy 

microstructure and temperature history on the hydrogen redistribution, and therefore, on its effects on the 

physical properties of the alloy. 

mailto:dgaude@cantab.net
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2. DESCRIPTION OF THE MODEL 

2.1. Intersticial diffusion model 

A physical model describing the diffusion of interstitial atoms has been constructed and applied to the 

redistribution of hydrogen [16]. This model incorporates previously developed work of temperature evolution 

and phase transformations in steel so that is able to contemplate the thermal and microstructure evolution 

during a simple heat treatment [17-18]. 

The evolution of hydrogen distribution is determined as a function of thermal agitation and atom mobility by 

relating it to a random walk process, taking into account diffusivity and saturation of hydrogen through each 

of the different metallic phases, as extensively described elsewhere [7, 9-10, 16, 19]. 

2.2. Microstructure and traps 

The enhanced model presented here incorporates the effect of various trap types to the redistribution of 

hydrogen. Hydrogen contained in the metal either stays in solution up to the matrix phase’s solubility limit or 

is expelled from the matrix and becomes trapped into various types of lattice defects available. 

The nature of trapping sites range from the distortion field surrounding a dislocation to the surfaces of certain 

precipitates and microcracks in the material, but they can all be modelled as a potential well. In many 

respects, this description makes an analogy between the energy barrier for the release of an atom from a 

lattice site at each difusion jump and the release from a trap site. This process is suitably described by a 

characteristic activation energy, as shown in Fig. 1.  

 

Fig. 1 Diagram comparing the lattice position energy well (diffusion) and a generic trap site energy well 

Each trap type is then characterised by a speciffic activation energy, Et, necessary for the release of an 

hydrogen atom contained in it [4, 20]. The types of trapping sites considered in this work, and their 

characteristic energies are listed in Table 1. 

Table 1 Characteristic release energy for each trap site type considered in this work, as well as lattice 

diffusion activation energy for comparison [4, 7]. 

Trap site type E [kJ·mol-1] 
Dislocation distortion 20.6 
Grain boundary 58.6 
Precipitate surface 84.0 
(Diffusion in ferrite) 13.4 

3. RESULTS AND DISCUSSION 

3.1. Modelling conditions 

The model described in Section 2 has been used to calculate the evolution of the hydrogen distribution 

during the cooling process of two different low alloy steels.  
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The process studied consists in continuous cooling of an alloy piece of 25 cm in thickness, from 1600ºC to 

approximately 200 ºC. Heat extraction by radiation and intense convection is included. The convection 

severity has been set as and kept constant during the whole process. With these conditions, the alloy cools 

from 1600 ºC to roughly 200ºC in aproximately 45 minutes (2740 s). 

The material modelled consists of two idealised low alloy steels with slightly different composition so that 

their microstructure evolves differently when cooled to room temperature. Austenite in Steel A transforms at 

higher temperature (725 ºC) to allotriomorphic ferrite presenting large grain and a very low deformation and 

stress profile [17-18, 21]. In the case of Steel B austenite starts to transforms at a lower temperature (450ºC) 

ending up forming bainitic ferrite and martensite [17-18]. The structure of Steel B has characteristically 

smaller grain structure and a high dislocation density due to the transformation residual stresses [21]. The 

detailed microstructure parameters for Steels A and B are summarised in Table 2. 

Table 2 Austenite transformation temperature and microstructure for Steel A and Steel B [18, 21]. 

 Steel A Steel B 

Transf. temp: 725ºC 450ºC 
Austenite Allotriomorphic Bainite & 
Transforms to: Ferrite Martensite 
Grain size: Large Small 
 0.1 mm 10μm 
Dislocation Low High 
density: 1010 m/m3 1015 m/m3 

Ppt. trap   
site density: 5·1020 site/m3 5·1024 site/m3 

The different evolution of hydrogen distribution as function of microstructure is described in the Section 2.1. 

Additionally, it has been considered to be of interest to add a consideration on the effect of carbides as well. 

In a structure like the one of Steel A cementite distribution would take the form of either lamellar pearlite bi-

crystals or spheroidised perlite. In an alloy like Steel B however, the carbide volume fraction would form a 

much finer distribution. For this to be taken into account a different carbide distribution has been considered 

in each case and the results obtained are discussed in Section 3.3. 

3.2. Effect of microstructure 

According to the calculations, the overall redistribution of hydrogen is influenced by the microstructure 

evolution during cooling. As hydrogen diffuses in the metal and solubility in the matrix lowers, some 

hydrogen content seeks containment in lattice defects like dislocation distortion sites and grain boundaries.  

The characteristics of Steel A and Steel B have been chosen so that the difference in their microstructures is 

large and therefore the effect on hydrogen redistribution clearly noticeable. As shown in Fig. 2, as 

temperature in the metal drops, there is partitioning from the matrix towards dislocations and grain boundary 

trap sites. In both cases, the influence of grain boundary sites is of a small relevance compared to that of 

dislocation sites.  

Additionally, at the end of the treatment, virtually all the hydrogen content in Steel B becomes stored at 

microstructure defects, while Steel A still retains some hydrogen in the matrix. The final hydrogen content for 

each site type and steel is detailed in Table 3.  

3.3. Effect of carbides 

When a distribution of precipitate (i.e. cementite) related trap sites is considered, an extra effect is described 

in the results of the model. For the sake physical plausibility the distribution of trapping sites related to 

carbide surface has been described in very different terms. In short, in an alloy like Steel B, with a final 

microstructure described as a mixture of bainitic ferrite and martensite the carbide distribution would be 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

709 

expected to be very finely distributed when compared with the one in an alloy like Steel A that has 

transformed at higher temperature to mixture of allotriomorphic ferrite and coarse cementite. This difference 

is reflected in the different precipitate trap site distribution used as input parameters in the model, shown in 

Table 2.  

 
 Fig. 2 Temperature evolution and hydrogen redistribution into different trap sites for Steel A and Steel B 

Table 3 Final hydrogen distribution (/ppm) for Steel A and Steel B considering a microstructure without and 

with, a precipitate distribution.  

 Steel A Steel B 
H content 5.0 ppm 5.0 ppm 
No Ppt.   
Matrix 1.564 5·10-6 

Dislocation 3.352 4.998 
Grain boundary 0.084 1.250·10-3 

With Ppt.   
Matrix 0.427 5·10-6 

Dislocation 2.010 4.998 
Grain boundary 0.050 1.250·10-3 

Ppt. surf. 2.513 6·10-6 

Nevertheless, as the predictions of the model show (Table 3) the influence of the distribution of carbide 

surface trapping sites is very different in Steel A and Steel B. In the case of Steel A, the inclusion of 

precipitate trap sites induces the redistribution of hydrogen among all 3 possible trapping sites, reducing the 

content in the matrix. In the case of Steel B however, the inclusion or not of precipitate trapping sites does 

not affect the final distribution of hydrogen, even though the number of potential trap sites is four orders of 

magnitude higher with respect to Steel A. 
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CONCLUSION 

A model describing the hydrogen diffusion in ferrous alloys and its redistribution into various types of lattice 

defects or traps has been presented. The model provides a description of the effect of microstructural details 

in hydrogen behaviour.  

When trapping in precipitates is disregarded, and for both steels investigated, the influence of grain 

boundary sites is of small relevance compared to that of dislocation sites. On the other hand, at the end of 

the treatment, virtually all the hydrogen content in bainitic Steel B becomes stored at microstructure defects, 

while allotriomorfic ferrite Steel A still retains some hydrogen in the matrix.  

When the carbide distribution is accounted for, its influence is very different in Steel A and Steel B. For 

Steel A, the inclusion of precipitate trap sites induces the redistribution of hydrogen among all 3 possible 

trapping sites, reducing the content in the matrix. For Steel B however, the inclusion or not of precipitate 

trapping sites does not affect the final distribution of hydrogen, even though the number of potential trap sites 

is four orders of magnitude higher with respect to Steel A. 

This description could help improve our understanding of such phenomena and to reduce the incidence of 

hydrogen embrittlement in the future.  
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Abstract 

The welding of titanium alloys having a α + β structure with austenitic stainless steels can not be done 

directly by a melting process, due to the appearance of intermetallic phases in the mixing of the molten 

materials that promotes the cracking phenomena. Changing the chemical composition of the molten bath is 

the only way to obtain a melt joint directly. The purpose of this paper aims the modelling of the main process 

parameters of continuously Nd-YAG laser welding using a copper foil with a thickness of 600 μm between 

the two materials, which solves largely the metallurgical incompatibility. The results obtained using a full 

factorial design, corroborated with metallographic investigations defines the optimal values of the laser beam 

power, welding speed and laser beam position. 

Keywords: laser welding Nd-YAG, process modelling, microstructure, factorial design 

1. FUNDAMENTAL BASES  

Laser beam welding applied to both homogeneous and heterogeneous joints, is a melting process without 

using a filler material. Unlike other continues welding processes, the laser allows a highly accurate punctual 

contribution of heat. The unification of points ensures a continuous weld. The interaction time is very short, 

only a few milliseconds for each point [1]. Depending on the material’s specific absorption, the welding area 

will be rapidly heated up to the melting temperature and after cooling the molten bath, a welded seam is 

obtained. Due to a high energy density (105-106 W/cm2), the heat affected zone is narrow and the 

penetration is proportional to the power and depends on the position of the focal point. The penetration has a 

maximum value when the focal point is placed just below the surface of the welded components. The laser 

beam diameter varies between 0.2 and 133 mm, the lowest values are used for welding. 

2. EXPERIMENTAL PROCEDURE 

The welding by melting of Ti-6Al-4V and X5CrNi18-10 materials can not be done directly because after the 

solidification of the molten bath, between Fe and Ti are formed fragile intermetallic phases which can lead to 

cracking phenomena [2]. Furthermore, there may be an intense oxidation of titanium if the protection of the 

molten metal bath is deficient. Therefore, Nd-YAG continuously laser welding technique was adopted and for 

reduction the proportion of unwanted intermetallic phases, a copper foil with a thickness of 600 μm was 

inserted between the two base materials in order to minimize the metallurgical incompatibilities specific to 

heterogeneous joints. Through the research conducted, we decided to find a compromise between 

minimizing the mixing of iron and titanium and ensuring good connections between foil and base metals. 

To obtain welds with good mechanical resistance, the layer of "isolation" continuity in the molten bath must 

be maintained. Beam positioning in relation to the joint plane becomes the primary parameter, except the 

brazing technique where the laser beam is always directed on the filler wire.  

If the laser beam should be positioned in the plane of the joint, would favour an important mix of the copper 

foil with both materials, which would lead to a decreased “isolation” function. If the maximum energy will be 

directed to the interface between the copper foil and one of the base materials, the mixing with the other 

material will be minimized. The optimal solution involves the shifting of the beam on copper - stainless steel 

mailto:cosmin81_ro@yahoo.com
mailto:rmdobra@gmail.com;%20dragosbuzdugan84@gmail.com
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interface so that the melting and mixing does not lead to intermetallic compounds. Moreover, the energy of 

interaction between copper and titanium will be minimized and consequently the degree of materials mixing 

and the formation of intermetallic phases will be reduced. 

Using the laser system presented in Fig. 1, were conducted three series of tests in end to end configuration: 

• preliminary tests allowed to determine the range of values; 

• power variation from 3000 to 4000 W, maintaining constant the welding speed (increasing the energy 

intake); 

• speed variation within 2 to 3 m/min, at constant power (reducing energy intake). 

For all experiments conducted, the focal spot diameter was 200 μm, and the beam was centered at 40 to 60 

μm in relation to the copper - stainless steel interface. The protective gas used was argon. 

 

 Fig. 1 Nd-YAG continuously laser welding process 

3.  PROCESS MODELLING  

 Since the continuous laser welding process is influenced by a large number of parameters, which affect the 

joint quality, the Minitab software was used for analysis. Among the parameters considered to be important 

and which will be analyzed during this experiment are the power, the welding speed and the laser beam 

position (Table 1). 

Table 1 Parameters investigated during the welding process 

 Parameters Max Min 

Power, W 3000 4000 

Welding speed, m/min 2 3 

Laser beam position, µm 40 60 

A full factorial 23 (level 2, 3 factors) design was set out, with the adjusting factors shown in Table 1, factors 

that can be controlled during the experiment. They will affect one or more followed responses of the 

phenomenon under observation. 

The response aimed is the quality of the welded joint, given by the ultimate strength. The objective of this 

experiment is to establish the influence of the controlled factors over the aimed response. Another purpose 

of these experiments is the optimization that can be done with the help of the same software. 

Using the input data set, the software automatically generates a design matrix presented in Table 2. 
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Table 2 The design matrix 

StdOrder RunOrder CenterPt Blocks Power [W] 

Welding 

speed 

[m/min] 

Laser beam 

position 

[μm] 

Ultimate 

strength 

[N] 

8 1 1 1 4000 3 60 11406.98 

6 2 1 1 4000 2 60 3091.36 

3 3 1 1 3000 3 40 5607.61 

1 4 1 1 3000 2 40 10164.75 

7 5 1 1 3000 3 60 3356.84 

4 6 1 1 4000 3 40 11589.67 

2 7 1 1 4000 2 40 2851.15 

5 8 1 1 3000 2 60 7766.85 

After processing the obtained values were drawn the following graphs for the analyzed response function: 

the Pareto diagram, the main effects plot, the interaction plot between the influence factors , the contour plot 

and the surface plot of the response and the optimization plot. 

The Pareto diagram is a method of decision and control that allows the use of priorities under different 

criteria and consists in a graphical representation of various nonconformities. The Pareto analysis is a 

statistical technique for classification reduced tasks but with significant effect. It is based on the Pareto 

principle (also known usually as 80/20), which states that 20 % of the resources generate 80 % of the entire 

process, or in terms of quality improvement, most problems (80 %) have several key causes (20 %). Pareto 

diagram is an ordered histogram of the problems appearing frequency and illustrates how most results are 

generated by types or categories of cases unidentified [5, 6]. 

The Pareto diagram effectively solves a problem by identifying and ranking the main causes in order of 

importance, determines the priority of many practical applications (process improvement efforts) and shows 

how efforts should be directed [7, 8,]. 

Analyzing the Pareto diagram for the response factor (ultimate strength shown in Fig. 2), it can be observed 

that the main factor of influence is the second order interaction between power and welding speed as the 

vertical exceeds the 5 % threshold. 
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 Fig. 2 Pareto Chart of the effects 
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The influence of the factors is highlighted by the main effects plot in Fig. 3. A higher slope of the lines 

indicates a greater influence and the slope direction indicates that it has a positive or a negative influence. 

The main effect plot shows that the power and the welding speed affects positively the response factor, while 

the laser beam position at lower values to higher values, may have a negative influence if the thickness of 

the weld and alloy titanium interface is not enough to ensure a sufficient connection. 
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 Fig. 3 Main effects plot 

From the graph shown in Fig. 4, it can be evaluate whether between the influence factors exists or not 

interactions. If the graph lines are parallel or nearly parallel, it can be said that there is no interaction. If the 

parallelism difference is greater, then are interactions between the factors. Analyzing the interaction plot of 

the influence factors for ultimate strength it can be observed that there is a significant interaction between 

power and welding speed, and between power and laser beam position. 
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 Fig. 4 Interaction plot 

Contour plot presented in Fig. 5 is used for determining the desired response function of two factors. Since 
there are three factors of influence, every time one of them will be kept constant while the correlation is 
made between the other two. Obviously, it can be seen the combination of factors that leads to ultimate 
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strength values between 4000 and 10000 N. The experimental data are represented in 3D (Fig. 6) and 
interpolated to generate a continuous surface of the response function. 
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 Fig. 5 Contour plot 

 

 Fig. 6 Surface plot 

During the process characterization was studied which of the control factors influence more the response 

function (ultimate strength). The optimization of the experiment determines the control factors settings that 

provide the best response [9]. Phases needed in optimizing multiple responses are: 

 design of experiments that will analyze all responses, 

 developing a model for each response of the experiment  

 setting objectives for each response (minimize, maximize or target) [10]. 

The optimization method consists in obtaining individual values desired for the response factor (ultimate 

strength), noted by (D). For this design of experiment, the graphical optimization is shown in Fig. 7. It is 

noted that was find a local optimum which provides an ultimate strength of 11,589 N. The control factors that 
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ensure these values are shown in the upper part of the figure, in square brackets. For the response function 

was determined the proportion of achievement, which is 99 %. 
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 Fig. 7 Optimization plot 

4. CONCLUSIONS 

The analysis of continuous laser welding process by a full factorial design led to the following values of 

parameters that ensure a good quality of welded joints: 

 Power 4000 W 

 Welding speed, 3 m/min 

 The position of the laser beam, 40 μm 
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Abstract  

Ensuring the weldability of advanced heat resistant ODS metallic materials in combination with conventional 

materials is a prior requirement for their wider use in energy production. The microstructure of ODS steels is 

composed of alpha iron based matrix with dispersed oxide particles. Due to heating during conventional 

welding, the microstructure and properties of the resulting weld joints are affected and the joints often 

become the weakest point of the structure. The electron beam welding with its reduced heat affected zone 

size may be an answer in this. The presented article is focused on the metallographic evaluation of the 

structure of heterogeneous electron beam welds which combine austenitic stainless steels with the MA956 

ODS steel. EB welded joints were evaluated by light and analytical electron microscopy in the as-welded 

state and after post-weld heat treatment. Mechanical properties of the weld were evaluated from the results 

of microhardness profiles. Achieving an appropriate structure of such welds and correct welding parameters 

are crucial aspects for future successful application of similar joints in energy industry.    

Keywords: electron beam welds, ODS steel, oxide particles, heterogeneous joints  

1. INTRODUCTION 

Increase in efficiency of power generation and chemical engineering is associated with increasing of 

operating temperatures and the introduction of new technologies (such as thermonuclear fusion). These 

requirements lead to the development of advanced materials which allow for the design of power plants or 

equipments whose components are exposed to high temperatures and often work under high stress in 

corrosive environments [1]. The solution to this problem can be the oxide dispersion strengthened (ODS) 

alloys. The main potential of these alloys is the increase in the operating temperatures of the device by  

100 °C. Thermally stable oxide particles dispersed in the matrix are more effective traps for moving 

dislocations than grain boundaries, thus providing superior high temperature properties compared to 

conventional alloys [2]. ODS alloys are fabricated by using mechanical alloying of metal (ferritic, ferritic-

martensitic and austenitic) matrix with oxide nanoparticles (usually Y2O3 or TiO2). Mechanical alloying is 

followed by hot isostatic pressing or hot extrusion [1,2,3]. 

One of the ODS alloys is the ferritic steel INCOLOY MA956. Higher concentration of chromium (above 16 %) 

and concentration of aluminum (about 5 %) provide a good corrosion resistance and together with a 

dispersion of Y2O3 particles increase the creep resistance [3,4]. The use of ODS alloys is planned in the 

next-generation nuclear plants in combination with conventional steels (e.g. 316 austenitic steel) [6].  

The choice of suitable welding methods has major influence on degradation of the properties and structural 

changes of resulting welds. One of the methods with minimal influence on the basic metal is the electron 

beam (EB) welding. In contrast, with decreasing width of the weld, an increase in the cooling rate occurs and 

also danger of cracks and pores is higher. For these reasons, setting of welding parameters is crucial for 

production of defect-free welds [7,8]. Subsequent post-weld heat treatment (PWHT) is performed to reduce 

the internal stress and to remove undesirable structures after rapid cooling. Correctly chosen conditions of 

PWHT are also crucial for the resulting properties and overall service life of dissimilar joints [9,10].  

mailto:havlik03petr@gmail.com
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In this paper, dissimilar electron beam welds between ODS alloy MA956 and 316Ti steel were prepared. 

Resulting microstructures were analyzed to evaluate the weldability of these steels by electron beam 

welding. The obtained results will be used for further optimization of electron beam welding parameters and 

for determination of suitable PWHT conditions.    

2. EXPERIMENTAL 

Welds between ferritic chromium INCOLOY MA956 steel and 316Ti austenitic stainless steel were used in 

the present study. The chemical compositions of the used steels are given in Table 1. Cylindrical samples 

with diameter of 12 mm were welded by electron beam without any use of filler material. The welding 

direction is perpendicular to rolling direction of the base metals. Welds were processed by one pass of EB at 

55 kV accelerating voltage, 15 mA beam current and 10 mm/s welding speed by using FOCUS MEBW-60/2 

EB welding facility. MA956/316Ti welds were evaluated in as-welded state (AW) and in state after post-weld 

heat treatment (PWHT). PWHT consisted of one tempering treatment at 750 °C in argon atmosphere, 

followed by slow cooling in Ar atmosphere. 

Structure of base metal (BM), weld metal (WM) and the heat-affected zone (HAZ) were evaluated using light 

microscopy (LM) and scanning electron microscopy (SEM). SEM was also used to analyze the chemical 

composition of the EB welds. From the measured concentrations EDS maps of alloying elements were 

prepared, also the alloying elements average concentration was determined and compiled in sequences 

across the welded joints. In addition, microhardness measurements were performed for comparison with the 

results obtained from light and electron microscopy. Microhardness measurements HV0,1 was performed on 

semiautomatic hardness tester LECO LM 247 AT in perpendicular direction to the axis of the weld. The LM 

Zeiss Axiovert Z1 and Zeiss UltraPlus SEM were used in the analyses.  

Table 1 Chemical composition of basig materials (wt. %) 

Elements C Cr Ni Al Mo Mn Si Y2O3 Ti V Nb N 

MA956 0.016 20.00 - 4.50 - - - 0.50 0.50 - - - 

316Ti 0.02 17.10 11.80 - 2.25 1.83 0.60 - 0.19 0.14 0.02 0.06 

3. RESULTS AND DISCUSSION 

Electron beam (EB) welds exhibit classical nail-like appearance [7]. Maximum width in head of the weld is in 

the range 1,3 to 1,5 mm. Significant HAZ was not observed in both base materials. Electron beam welds can 

be classified into five different areas: base metals, weld metal and transition region (TR) on each side of the 

base metals. EB welds generally contain a large amount of defects. Across the weld there were observed 

pores of different sizes. Cracks occurred in WM and along the boundaries of ferritic grains close to TR on 

MA956 BM side. Cracks in the base material formed during cooling the WM due to tensile stresses. 

Presence of defects in WM is associated with improper setting of the EB welding parameters. This 

parameters setting, in case of materials with different physical properties, is very difficult and requires a 

numerous test welds to optimize. When evaluating BM of chromium steel INCOLOY MA956 fully ferritic 

structure was observed (Fig. 1a). Due to the extrusion elongated grains were grown with size of about 100 

μm in perpendicular direction to extrusion. The grain size ratio is about 100:1 (parallel: perpendicular to 

direction of extrusion) in accordance to [1]. Presence of pores on the grain boundaries was observed. Fig. 

1b shows microstructure of 316Ti steel which is formed by equiaxial austenitic grains with average size 

around 50 μm. In most of the austenitic grains twins were observed, likely from previous forming and heat 

treatment of BM. In the microstructure irregularly shaped nitrides and carbonitrides of titanium were 

observed. The latter is due to the addition of Ti as stabilizer in the stainless steel. The used PWHT hadn’t 

significant influence on the structure of both BM.  
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Comparing Fig. 2a and 2b allows determining the effect of PWHT on changes in the structure of WM and TR 

on 316Ti side. AW sample has a finer structure than the sample after PWHT. Size the grain in AW sample is 

determined by the cooling rate of WM. Coarsening of the equiaxial grains in WM was observed after PWHT. 

These grains should be stable at higher temperatures due to presence of the oxide particles. The electron 

beam welding leads to dissolution and subsequent coarsening of dispersion strengthening particles [5,9].  

    
 Fig. 1 Structure of MA956 base metal (a), structure of 316Ti base metal (b).  

    
 Fig. 2 Structures of EB welds AW (a) and PWHT sample (b). 

    

    
 Fig. 3 MA 956/weld metal interface with crack (a). WM/316Ti interface of AW sample (b). WM/316Ti 

interface of PWHT sample (c) in detail (d).  
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HAZ wasn‘t observed on interface between ODS steel and WM in both samples. BM directly passes through 

the fusion zone in WM. During crystallization epitaxial growth of WM grains at this interface was observed 

(Fig. 3a). Interface between 316Ti BM and WM (Fig. 3b) shows a narrow HAZ (approximately 0,2 mm), 

which is characterized by structure with coarser austenitic grains and secondary phases particles along grain 

boundaries near the interface with WM. The lowest density of twins in austenitic grains was observed in this 

HAZ. The most significant changes were observed after PWHT in this area. The HAZ is wider and contains 

minimum amount of austenitic twins. At the same time the amount and shape of secondary phases at 

WM/316Ti interface was changed (Fig. 3c and 3d). 

To compare the results obtained from light and electron microscopy microhardness measurements were 

performed across weld joints (Fig. 4). When comparing the microhardness of the EB weld, measured values 

could be linked with the observed structures. Significant changes weren’t observed in the ODS steel BM, 

microhardness range is between 263 and 295 HV0,1. Slight decrease in microhardness values was 

observed at ODS/WM interface. This can be explained by melting and coarsening of oxide particles in the 

vicinity of interface during EB welding. Average microhardness value of WM in AW sample was 497 ± 11,5 

HV0,1. After PWHT, significant decreases in average microhardness of WM was observed at 370 ± 8,8 

HV0,1. These changes in microhardness correspond with the observed structures of AW and PWHT 

samples (Fig. 2a and 2b). The presence of secondary phase did not significantly influenced the values of 

microhardness across WM/316Ti interface. However, due to annealing of the austenitic structure in the 

vicinity of WM during EB welding the decrease of microhardness was observed to 178 - 179 HV0,1 in TR on 

side of 316Ti. Average michrohardness values of austenitic BM of each sample was 209 ± 7,1 HV0,1 (AW) 

and 215 ± 14,0 HV0,1 (PWHT).  

EDS analysis of the main elements (Cr, Ni, Mo, Ti, Al) in EB welds was carried in same direction as the 

microhardness measurements. Comparing the chemical composition of both welds the dilution of both BM’s 

was demonstrated (Fig. 5 and 6). Individual parts of welded joints can be distinguished by the measured 

concentrations of individual elements through these regions. Significant changes weren’t observed in the 

concentrations of alloying elements in AW and PWHT samples. In chromium concentration sharp transition 

at ODS/BM interface can be observed. This step is reduced after PWHT. Step change in content of nickel is 

also observed at both interfaces of the WM with BM’s. Changes of chemical composition profiles can be 

seen after PWHT. These changes are caused by diffusion of alloying elements in the direction of 

concentration gradient. Common feature of these interfaces is the expansion of areas with concentration 

changes. At WM/316Ti interfaces significant step on profile of Ni concentration was observed. This step 

corresponds with the observed structure at this interface in PWHT sample (Fig. 3d). The behavior of other 

elements is similar - redistribution in direction of gradient of concentration. Decrease of intensity of the step 

changes of concentrations and the expansion of transition areas occurred after PWHT.   

 

 

 

 

 

 Fig. 4 Microhardness measurements across MA956/316Ti EB welds. 

 Fig. 7 shows EDS maps of the distribution of alloying elements on WM/316Ti interface in AW sample. 

Redistribution of Cr and Mo in to secondary phase along austenitic grain boundaries may cause precipitation 
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of undesirable phases (σ-phase and Laves phase). Further it shows the presence of Ti and Al particles in 

WM. Concentrations of alloying elements were partially equalized in each phase at WM/316Ti interface after 

PWHT (Fig. 8). However, during long-term exposition and due to different chemical composition of welded 

steels, the redistribution of interstitial elements may occur. Further evaluation and modeling of diffusion 

processes of interstitial elements is recommended in accordance to [11].   

 

 

 

 

 

 Fig. 5 Concentrations of alloying elements across    Fig. 6 Concentrations of alloying element across ¨ 

MA956/316Ti weld (AW)        MA956/316Ti weld (PWHT) 

 

 Fig. 7 EDS maps of WM /316Ti interface (AW) 

 

Fig. 8 EDS maps of WM /316Ti interface (PWHT) 

4. CONCLUSIONS 

This study shows the possibility of welding the ODS MA956 alloy and 316Ti alloy by EB welding and the 

requirement of subsequent PWHT. The main limiting factor for wide use of this welding technique is the 

knowledge of appropriate welding parameters to ensure defect-free welds and also the dissimilar physical 

properties of each alloy. At metallographic evaluation of both samples no presence of undesirable structures 
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was observed. The measured values of microhardness correspond to observed microstructures. Used 

PWHT hadn’t significantly impacted on concentration of alloying elements in different parts of EB joints, only 

reduced the concentration step at each interface. To optimize the structure and properties of dissimilar EB 

weld joints MA956/316Ti further evaluation of PWHT conditions and their influence on resulting welds is 

needed. However, the first prerequisite for successful welding of dissimilar base metals is finding of suitable 

welding parameters. Further evaluation of long-term exposure at evaluated temperatures for these joints is 

necessary before industrial applications can be considered.  
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Abstract 

This paper focuses on evaluation of the plastic deformation effect after the cold bending process for new 

austenitic materials Super304H, HR3C and Tp347HFG designed for supercritical conditions. The 

qualification tests were carried out on bends in two dimensions of tubes which are the most common sizes 

used in superheaters for supercritical power plant boiler. The bends were produced by the method of cold 

bending with mandrel bending technology and without mandrel on several bending radii in order to obtain 

information about the structure and behavior of materials at various stages of deformation. To obtain reliable 

information, tensile test, hardness test and metallographic examination were used on material from straight 

tubes of the bends, drawn and compressed parts which are presented in this article. We acquire new 

information about the stress-strain behavior of advanced structural materials thanks to the realization this 

experimental program. We also obtained the input data for subsequent long-term corrosion tests and thermal 

degradation tests and correlation relations for the determination of the strength properties of steels studied 

by SPT. 

The tests are carried out under the grand project of the Technology Agency TA01010181 with the name 

Bending-tubes-technology for superheaters and inter-superheaterstubes for the progressive boiler 

construction which VÍTKOVICE POWER ENGINEERING a.s. researches in cooperation with UJP a.s. and 

SVÚM a.s. 

Keywords: austenitic steel, tube bending, small punch test, cold deformation, power plant 

1. INTRODUCTION 

Our project, whose first results we hereby present, deals with the technology of bending of tubes with 

dimensions of 38x6.3 mm 57x4.5 mm, and the influence of plastic deformation caused by cold tube bending 

on steel structure, its mechanical and corrosion properties.  

As follows from the enquiries received by VÍTKOVICE POWER ENGINEERING a.s., the supercritical boiler 

superheater tubes are proposed for manufacturing increasingly from new austenitic materials SUPER304H, 

HR3C and Tp347HFG. Production of these devices consists of bending and welding. These are 

technological operations that affect the quality of materials, and in contrast to the information of the 

characteristics of steel and straight pipes, see literature [1], [2], [3], [4], [5], [6], it is almost impossible to 

obtain information from the literature on the effect of these operations on the properties of these new steels 

(e.g. creep and corrosion in bend).  

None of these materials is currently included within European standards (for example EN 10216-5. or EN 

12952). In Europe, they are provided only with German material data sheets. In order to be able to qualify 

them and obtain the certificates, we proceeded as required by EN 12952-5 and German material data sheets 

of individual steels. According to EN 12952-5, cold-bent austenitic materials do not have to be heat treated. 

But the material data sheets require solution annealing in the case of use these steels in the creep area, and 

mailto:sarka.hermanova@vitkovice.cz
mailto:lenka.dobrovodska@vitkovice.cz
mailto:ladislav.kander@mmvyzkum.cz
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for some steels also in the case of use them in corrosive conditions when the deformation exceeds some 

defined level. Therefore, we compared the influence of deformation on the properties without heat treatment 

and after heat treatment. Here we present only the results of tubes with dimensions of 38x6.3 mm, mainly for 

the reason of a wider range of testing due to the greater wall thickness and better placement of test 

specimens in drawn or compress side at the top of the bend. As required by EN 12952-5 and German 

material data sheets only hardness and geometry of the bend is required after cold bending. There is, 

however, no limit of hardness after cold bending anywhere and hardness appears neither in the data sheets 

for the initial tubes. To study the influence of plastic deformation it was necessary to extend the works 

beyond the required scope of the standards with the tensile tests from the deformed areas (drawn and 

compressed), because this is the only variable precisely defined by the standard. Because it is not possible 

to located conventional tensile tests specimen into pipe bends and it is not even possible to accommodate 

miniaturized specimen in the pressure side, we used only small punch tests to verify the properties on the 

compress side. To determine the yield strength and ultimate strength of these tests it is necessary to know 

the empirical relationship between the measured variable Pe and yield strength and Pm and tensile strength. 

The current database is based on the values of steels with KPC unit cell, it was necessary to extend the 

works with the tensile tests at room temperature on miniaturized specimens and extend the current database 

with the results on the "new materials".  

2. CHARACTERISTICS OF THE STUDIED STEELS 

Super 304H (X10CrNiCuNb 18-9-3) is an austenitic stainless steel alloyed with copper, niobium and boron to 

increase the creep strength. Special process of forming, niobium alloying and heat treatment provide this 

steel with fine-grained structure, which ensures superior resistance to corrosion, both flue gas and oxide 

corrosion on the steam part. It has excellent creep resistance in the temperature range from 580 °C to 

640 °C. 

HR3C (X6CrNiNbN25-20) is a highly alloyed austenitic steel with 25 % Cr and 20 % Ni. Grain size is not 

defined in the literature. The final structure is achieved by solution annealing. It has very good corrosion 

resistance at high temperatures and creep resistance especially in the temperature range from 600 °C to 

670 °C.  

Tp347HFG (X8CrNi19-11) is a Cr-Ni austenitic steel with a fine grain structure, which is achieved by 

thermomechanical rolling involving soft annealing by 50 °C higher than the final solution annealing 

introduced before cold drawing. This is followed by the final solution annealing. Achievement of a high creep 

strength is conditioned by the precipitation of carbides and their distribution in the structure.  

2.1 Chemical composition and mechanical properties  

This part sets out the requirements of individual material data sheets (highlighted in grey in the table) and the 

values of tubes provided by the Japanese manufacturer SUMITOMO, as we will further present only the 

results for TR 38x6.3 mm, even here we specify only the values of supplied tubes of this dimension. These 

are average values from several heats. The tubes were delivered in the state after solution annealing, cold 

rolled according to requirements of German material data sheets.  

Table 1 Chemical composition and mechanical values of Super304H (X10CrNiCuNb18-9-3) VdTUV 

Werkstoffblatt 550  

C  

[%] 

Cr 

[%] 

Cu 

[%] 

Ni 

[%] 

N 

[%] 

B  

[%] 

Nb 

[%] 

Al 

[%] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

Rp0.2* 

[MPa] 

A 

[%] 
Type and 

dimension  

KV 

[J] 

0.07 

0.13 

17.0

19.0 

2.50

3.50 

7.5 

10.5 

0.050 

0.12 

0.001 

0.010 

0.30 

0.60 

0.003

0.030 
≥235 

590-

850 
≥140 ≥35 

KV 2 

10x10 
≥85 
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C  

[%] 

Cr 

[%] 

Cu 

[%] 

Ni 

[%] 

N 

[%] 

B  

[%] 

Nb 

[%] 

Al 

[%] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

Rp0.2* 

[MPa] 

A 

[%] 
Type and 

dimension  

KV 

[J] 

0.07 

0.13 

17.0

19.0 

2.50

3.50 

7.5 

10.5 

0.050 

0.12 

0.001 

0.010 

0.30 

0.60 

0.003

0.030 
≥235 

590-

850 
≥140 ≥35 

KV 2 

10x10 
≥85 

0.08 18.3 3.04 9,0 0.11 0.004 0.49 0.007 318 635 210 46 10x2.5  30 

Table 2 Chemical composition and mechanical values of HR3C (X6CrNiNbN25-20) Vd TUV Werkstoffblatt 

546 

C 

[%] 

Mn 

[%] 

Si  

[%] 

Cr 

[%] 
Ni [%] 

N  

[%] 

Nb 

[%] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

Rp0.2* 

[MPa] 

A 

[%] 

Typ a 

rozměr 

zk. 

KV 

[J] 

≤ 

0.10 
≤ 2.00 ≤ 1.50 

23.0-

27.0 

17.0-

23.0 

0.150-

0.350 

0.20-

0.60 
≥295 

655-

900 
≥160 ≥30 

KV 2 

10x10 
≥85 

0.06 1.17 0.4 24.9 19.9 0.260 0.43 371 750 199 47 10x2.5  38 

Table 3 Chemical composition and mechanical values of Tp347HFG (X8CrNi19-11) VdTUV Werkstoffblatt 

547  

C  

[%] 

Mn 

[%] 

Si 

[%] 

Cr 

[%] 

Ni 

[%] 

Nb+Ta 

[%] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

Rp0.2* 

[MPa] 

A 

[%] 

KV2 

10x10 

Aver. KV 

[J] 

0.06-

0.10 

≤ 

2.00 
≤ 0.75 

17.0- 

20.0 

9.0-

13.0 
8xC ≥205 

550-

750 
≥131 ≥35  ≥85 

0.09 1.5 0.35 18.3 11.5 0.9 323 613 208 49 10x2.5 25 

Note: Rp0,2* = Rp0,2 at temperature 600 °C     

2.2 Scope of testing 

Bend testing was carried out in two testing houses, VTC (qualifying tests - exactly as required by the 

standards) and MMV s.r.o., where properties of the individual parts of the bends were verified - "Study of the 

properties of materials after cold deformation". The tests on tubes 38x6, 3 mm were performed with three 

different bends radii. (R1<R2<R3(or R4), R3, R4 slightly above the maximum value without heat treatment 

acc. to the material data sheets). The bends were tested after the cold bending and the solution annealing 

condition. The figure below shows the scope of the work performed.  

    

Fig. 1 Scope of works performed 
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3. TESTING  

Small punch tests were used to determine the mechanical values in the drawn, compress and the neutral 

axis. To determine the correlation coefficients tensile tests were used (round threaded specimen with a 

diameter of 5 mm and a length 38 mm) from the straight part of the bend and the drawn side at each bend 

radius after heat treatment and without it. These tests were supplemented by metallographic examination, 

the aim of which was to identify differences in the structure of the individual parts of the bend and the 

influence of heat treatment on the distribution and size of carbides and austenitic grain size. HV 10 hardness 

tests and metallographic examination was carried out according to applicable ČSN EN standards.  

3.1 Principle of small punch tests 

The exact description and procedure for the preparation, testing and information derived therefrom is given 

in [7]. 

The actual small punch test was carried out on a testing device TSM INOVA 10 with the rate of 1.5 mm/min, 

the same as in test equipment for standardized tensile test. 

3.2 Methodology for determination of yield strength and tensile strength with small punch test at 

room temperature  

The resulting value of the yield strength, or respectively the tensile strength is determined from the values 

obtained from the graphical record of the small punch test (see Fig. 2). We require Pe for determination the 

yield strength and by its substitution in the correlation equation we obtain the value of the yield strength, 

which corresponds to the value specified by classical tensile test. The value of tensile strength is determined 

as Pm of the penetration test and also the value of deflection (dm) and its substitution in the correlation 

equation. 

 
Fig. 2 Characteristic record of small punch test with evaluated values 

3.3  Results of small punch tests and hardness tests 

In this section we provide the results of small punch tests (already converted to Rp0,2 a Rm) from individual 

parts of the bend - neutral, drawn or compress part and on the given radii of the bend always with heat 

treatment and without it. 

 
Fig. 3 Results of small punch tests in on the drawn, pushed and straight part of the tube - Super 304H 
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Fig. 4 Results of small punch tests in on the drawn, pushed and straight part of the tube - HR3C 

   

Fig. 5 Results of small punch tests in on the drawn, pushed and straight part of the tube - Tp347HFG 

The below charts show the results summarizing the results of yield strength, tensile strength and hardness, 

depending on the size of deformation. They also indicate the limit values according to material data sheets. 

Because the values after heat treatment are almost identical in different parts of bend as on the initial tube, 

they are not included in the graph below (Fig. 6). 

   

Fig. 6 Results of yield strength, tensile and hardness depending on the size of the deformation  

3.4 Results of metallographic investigation 

Various parts of the bend were also subjected to metallographic investigation. There was no significant 

difference found in the distribution of carbides (or precipitates) or their size, as well as in grain size between 

the individual parts of the bend. A significant difference was found between the untreated and heat treated 

bend. Generally, there was a slight increase in the grain, which, except for the subsurface area was within 

the limits of the material data sheet requirements. In the straight part of the bend in subsurface area there 

was a significant increase of grain size, in fine-grained steels already outside the scope of the standard. This 

growth is being further investigated.  
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4. DISCUSSION OF THE RESULTS 

Strain hardening of all tested materials was also confirmed. The Super 304H material was subject to 

hardening manifested by an increased yield strength near the level of tensile strength, but the tensile 

strength did not exceed the maximum value specified in the material data sheet for straight tube even with 

the smallest bend radius. In contrast, the materials HR3C and Tp347HFG, even with less deformation, 

exceeded the maximum tensile strength given by the material data sheet. The material Tp347HFG exceeded 

the upper limit of the tensile strength also with the biggest bend radius R4. 

There was no significant effect on the structure of steels in the individual deformed parts of the bend. We 

discovered the influence of heat treatment on the size of precipitates, their distribution and the grain size 

especially in the subsurface area. It will be the subject of further investigation. 

As the same technology is used for manufacturing of samples for long-term tests, it will be interesting to 

monitor the effect of deformation on corrosion and thermal degradation. Only after the evaluation of long-

term of tests it will be possible to recommend maximum deformation without heat treatment.  

CONCLUSION 

This work discovered influence of the size of plastic deformation on the mechanical properties of materials, 

the microstructure of steels, verified the influence of heat treatment on material properties. These results are 

input data for the long-term tests such as corrosion. We also obtained correlation coefficients for materials 

with KSC unit cell, with which it will be possible to extend the database for use of small punch test method as 

a substitute for tensile tests in areas where, they can not be used for dimensional reasons.  
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Abstract 

Geometry of the fracture surface morphology reflects the physical-metallurgical parameters of 

microstructure, as well as conditions of loading, which affect energy dissipation during crack propagation and 

fracture toughness. The geometry of fracture surface is assessed by fractal dimension. Local value of fractal 

dimension is calculated using cross cuts from the test specimens of fracture toughness. The analysis is 

performed on two types of specimens from measurements of static fracture toughness and dynamic fracture 

toughness on steel R7T. It appears that from the geometric point of view, and therefore from the perspective 

of energy dissipation, the difference exists in the area of initial propagation of the main crack between 

statically and dynamically loaded samples. Based on the Sih’s theory the density of strain energy was 

estimated for the crack loading modes I and II in dependence on the on the fractal dimension as an indicator 

of the angle of bending of the propagating crack. For the crack loading mode I; the direction with the 

minimum strain energy lies under the bending angle of 0° and fractal dimension approaches 1. In the case of 

the crack loading mode II the direction of crack propagation and the fractal dimension depend on the 

Poisson's number of the material. 

Keywords: Fractal dimension, steel R7T 

1. INTRODUCTION 

Numerous works contain ambiguous results concerning the issues between fractal dimension and fracture 

characteristics. In low-carbon and micro-alloyed steels with tempered structure a growth of fractal dimension 

with the increasing fracture toughness was found [1 - 3]. In other case [4] an unexpected drop of the fractal 

dimension with the increasing fracture toughness was observed. One of the causes of dissimilar dependence 

of fractal dimension on fracture toughness may be the dissimilar mechanism of energy dissipation during 

fracture. The work [5] provides a comprehensive overview of relations between fractal dimension and 

fracture characteristics, as it summarises also individual modes for determination of fractal dimension. Brittle 

fracture in metals can be classified according to the mechanism of crack propagation to trans-crystalline 

cleavage fracture, inter-crystalline cleavage fracture and quasi cleavage [6]. These different morphologies of 

fracture surface are manifested also by different roughness of fracture surface, i.e. that they will have 

different fractal dimension [6]. There is no general relation exists between fracture properties and fractal 

dimension, that would suit all steels. Validity of the determined dependencies is subjected by tested material, 

by mode for determination of fractal dimension and - last but not least - also by the investigated fracture 

characteristic. During crack propagation through a metallic material, dislocations in proximity of the crack tip 

are shifted, which provokes energy consumption 
PSf

Uw  2 where 
S

  is surface energy and 
P

U  plastic 

work that is necessary for creation of the fracture surface. Due to the fact that fracture surface is irregular, 

the real length of fracture surface profile 
F

L  is bigger than its projection into the fracture plane 
0

L . That’s 

why plastic work 
P

U  will be probably different in the case of rougher fracture surface with higher fractal 

dimension. It is possible to formulate the expression [7], 

0
/2/)2( LLU

FSPS
  .                                                     (1) 
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Length of the fracture surface profile may reflect kinking during main crack propagation, which leads to an 

increase of energy 
Sf

w  . On the basis of this model [8] and fractal geometry it is possible to make an 

estimate of the fractal dimension for propagation of the fracture crack [8], 

))cos45log((/3log
2/1

F
D .                      (2) 

In this relation   represents the curvature angle at propagation of the fracture crack, which is within the 

range from 0° to /2 [9]. It follows from [9] that fractal dimension grows in a non-linear manner with the 

increase of the curvature angle  . The curvature angle as well as fractal dimension are local characteristics. 

They influence local value of the fracture toughness. Griffith’s-Orowan’s theory does not enable 

determination of the direction of main crack propagation this deficiency is eliminated by the Sih’s theory [10]. 

Sih’s criterion is based on elastic deformation energy accumulated in test specimen expressed by the 

relation [10], 

 2

333

2

2222112

2

111
2

1
kakakkaka

rr

S

dV

dU
 .  (3) 

The quantity S  represents here deformation energy density factor and it is changed by coefficients 
ij

a  

(where ij = 1, 2, 3) in dependence on the on the polar angle  . 
i

k  (where i = 1, 2, 3); these are stress 

intensity coefficients. Sih assumed that the crack will propagate in direction of minimal density of deformation 

energy and that initiation is governed by the critical value of the deformation energy factor 
C

S . Direction with 

the minimal deformation energy density factor, defined by the angle , can be found from the condition [10], 

0






S
, 

2

2



 S
 > 0. (4) 

In case of the loading mode I it is possible to express the deformation energy density factor by the following 

relation [10], 

   )cos(1)cos(43
16

2





S

G

l
S .  (5) 

In this relation the length of crack is 2

1
)/( kl  and 

S
G crack driving force. Function (5) has a minimum for   

= 0°. Minimal deformation energy density has then the following form [10] derived from the equation (12), 

 


21
16

2

min


S
G

l
S  .  (6) 

In the case that 
C

S >
min

S , the crack is stable. Should it be the other way round then cleavage fracture occurs. 

The deformation energy density factor for the loading mode II can be described by the equation [10], 

       1)cos(3)cos(1)cos(114
16

2

 


S
G

l
S .  (7) 

The condition for minimum from (7) is given [10] by the angle   3/1arccos   . 
min

S  is expressed by the 

relation, 

  2

2

min
12

16





S
G

l
S .  (8) 

The Sih’s theory is based on singular solution of the stress state in the very vicinity of the crack tip. 

Consideration about direction of the crack initiation from the original crack is valid directly for this close 

vicinity, specifically for the distance x << l . State of plane strain exists at within this small distance [10]. 
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2. EXPERIMENT 

The steel R7T, the chemical composition of which is given in Table 1, serves for manufacture of railroad 

wheel sets. The structures were formed mostly by pearlite and ferrite. Measurements of static and dynamic 

fracture toughness were performed for the assessment of influence of the strain rate on fracture behaviour of 

the steel for the railroad wheel sets. Testing temperature of 20 °C and loading rates were of 0.0167mm/s and 

1350mm/s. Fracture surface were formed by short ductile rupture and by brittle crack. Two specimens were 

always taken from the measured data of fracture toughness both for static, as well as for dynamic loading. 

Fractal analysis was performed on specimens where correspond to the maximum and minimum value of the 

fracture toughness. The specimens chosen for fractal analysis - for static fracture toughness - were marked 

as PS01 and 05PS16, while the specimens for dynamic fracture toughness were marked as 5P11 and 5P20.  

Table 1 Chemical composition of the steel R7T. 

element C Mn Si P S Cu Cr Ni Al Mo V N 

wt.% 0.47 0.69 0.29 0.018 0.009 0.09 0.19 0.02 0.035 0.003 0.004 0.006 

Fractal analysis was performed by vertical sections in direction of main crack propagation. Calculation of 

fractal dimension was made by the program DetekceHran [11]. Magnitude of the unit of measurement   was 

within the range from 0.158 to 4.73 m. Application of the Xi’s model [8] of dependence between fractal 

dimension and curvature angle served as the basis for the assessment of deformation energy density. 

Cosine of the curvature angle was calculated from the equation (2). Resulting values of )cos(  are given in 

Table 2.  

Crack initiation according to the loading mode I 

In this case the following relation ensures from the equation (5), 

    )cos(1)cos(43
16

2





l

SG
A S

I
                                     (9) 

After substitution of )cos( from the equation (2) for   = 0.3 the dependence (9) was calculated. The 

resulting values are given in Table 2. The crack will propagate in direction of the minimal deformation energy 

density factor. It follows from the condition (4) that this direction lies under the angle   = 0° [10]. 

Comparison of the angle   = 0° with Table 2 shows that it corresponds to the direction with the minimal 

deformation energy density with fractal dimension 
F

D =1. 

Crack initiation according to the loading mode II 

In the case of crack loading mode II the following relation ensues from the equation (7), 

      1)cos(3)cos(1)cos(114
16

2
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SG
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II
.                                 (10)  

The resulting values are given in Table 2 for   = 0.3. Direction of crack propagation is given by the minimum 

S , for which the following relation is valid [10], 

  3/21)cos(   .                                                                   (11)    

Direction of crack propagation depends on the Poisson’s number. Comparison of the equations (2), (8) and 

(11) expressed the dependence of the fractal dimension on the Poisson’s number, 
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Table 3 presents the values of fractal dimension calculated by the equation (12) for different values of 

Poisson’s number. It can be seen (from Table 3) that the crack does not propagate in direction of the original 

notch, but that its deflection from it is bigger with the increasing material Poisson’s number [15], or with the 

increasing fractal dimension. Although in the case of the crack loading mode I the direction with the minimum 

deformation energy density corresponds to the fractal dimension equal to 1, in the case of the crack loading 

mode II the direction of crack initiation depends on the material Poisson’s number. The value of ratio of 
I

A  

and 
II

A was calculated for the 3rd section performed on the specimens loaded statically and dynamically. The 

third section was situated approximately in the area of crack initiation and initial values of the fractal 

dimension therefore corresponded approximately to the area of the crack initiation. The ratios of 
I

A  and 
II

A  

in the area of crack initiation were calculated with use of the equations (9) and (10) for „initiation“ values of 

fractal dimension and for   = 0.3 to the values given in Table 4. From Table 4 follow that in the case of the 

crack loading mode I that the values 
I

A  are for static loading lower approximately 1.5x times than those for 

dynamic loading. In the case of the crack loading mode II the values 
II

A  for static loading were lower 1.02 

times than those for dynamic loading. The angles of crack initiation that are also given in this table were 

calculated from fractal dimensions given in Table 4. Initiation angle (Table 4) and values of the ratios 
I

A  and 

II
A  document the difference between the specimens loaded statically and dynamically. 

Table 2 Dependence of fractal dimension on the curvature angle and ratios of 
I

A  and 
II

A  

F
D  1 1,003 1,013 1,028 1,053 1,085 1,129 1,187 1,263 1,365 

)cos(  1 0,98526 0,93744 0,86930 0,76444 0,64420 0,50045 0,34166 0,17389 0,00031 

 (°) 0 10 20 30 40 50 60 70 80 90 

I
A  1,600 1,617 1,671 1,740 1,827 1,900 1,950 1,957 1,909 1,800 

II
A  4 3,924 3,686 3,372 2,942 2,530 2,151 1,877 1,752 1,800 

Table 3 Dependence of the fractal dimension values calculated by the equation (12) on Poisson’s number of 

material 

  0 0.1 0.2 0.3 0.4 0.5 

 
F

D  1.190374 1.218778 1.249944 1.284333 1.322516 1.365212 

Table 4 Dependence of ratios 
I

A  and 
II

A on initiation values of fractal dimension 

specimen F
D  )cos(  

I
A  

II
A   [°] 

05PS01 1.0684 0.704749 1.87 2.73 45 

05PS16 1.05701 0.748551 1.84 2.88 42 

5P11 1.1595 0.413097 1.96 1.98 66 

5P20 1.1531 0.430681 1.96 2.01 64 

3. DISSCUSION OF RESULTS 

It was assumed on the basis of the Sih’s theory that fractal dimension will be equal to 1 for the area of 

activity of 
I

A , it means for plane strain and static and dynamic loading. The specimens loaded statically 

showed in fact in the area of crack initiation the fractal dimension of 1.06 - 1.07, which on the basis of the 

presented model gives the initiation angle of approx. 45°. Fractal dimension for dynamic loading in the area 

of plane strain was higher, namely 1.15 - 1.16. The curvature angle in the area of crack initiation for dynamic 

loading in dependence on the on fractal dimension was around 65°. The angle of crack initiation for plane 

strain and for the second crack loading mode 
II

A  depends on the material Poisson’s number. The Poisson’s 
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number for calculations was assumed to be 0.3. On the basis of comparison of the Poisson’s number with 

Table 3 it was possible to make an estimate of the maximal value of fractal dimension for the second mode 

of crack loading on tested specimens. The determined value of fractal dimension of 1.28 corresponds, 

however, to the fractal dimension determined for ductile fracture with dimple morphology of fracture surface. 

The Sih’s theory assumed in the case of the second crack loading mode the initiation around - 82.3°, on the 

basis of fractal dimension the angle of initiation for static loading was determined to be 45°, and for dynamic 

loading 65°. What caused this disagreement? The Sih’s theory as well as the presented model for curvature 

of the crack are both based on linear-elastic loading of the body. It means that they presume that all the 

energy necessary for crack formation is consumed for formation of new surfaces. It means that 
Sf

w  . They 

do not take into account the influence of plastic work 
P

U  that is necessary for plastic deformation of the area 

under the newly formed surfaces. If the fractal dimension reflects micro-structural properties of material, it 

means also the processes in material structure during loading, then increased value of fractal dimension in 

the case of both the first and the second mode of crack loading on the basis of the Sih’s model and the 

model for curvature of the crack, should reflect also namely the plastic work necessary for reshaping of 

surfaces under the formed crack. In the case of plane state of stress and the first mode of crack loading  

 /)1()21(
fC

wS  .                                                               (13)  

If we substitute into the equation (13) from the equation (1), and if we assume that )1(

0
/ FD

F
LL



 [3], we 

obtain the following relation, 

 /)1()21(
)1( FD

SC
S



 ,  (14) 

where   is magnitude of the unit of measurement, used in fractal analysis 4.73  m. By substituting into the 

relation (14) the 
S

 = 1 J/m2 with  = 4,73 m, and by using the fractal dimensions from Table 4, it is 

possible to obtain the dependence of the critical value of the coefficient of deformation energy density on the 

fractal dimension for the first mode of crack loading; the results are given in Table 5. 

Table 5 Dependence of the critical value of the coefficient of deformation energy density on the fractal 

dimension for the first mode of crack loading 

specimen F
D     (m) )/(

2

mJS
C

 

05PS01 1.0684 0.3 0.00000473 0.38 

05PS16 1.0570 0.3 0.00000473 0.33 

5P11 1.1595 0.3 0.00000473 1.17 

5P20 1.1531 0.3 0.00000473 1.08 

If we compare the results from Table 5 with the assumption for linear-elastic materials,
Sf

w   and if we use 

the Poisson’s number equal to 0.3 and 
S

 = 1 J/m2, then the value of the deformation energy density factor 

calculated with use of the equation (13) is equal to 0.16 J/m2. It therefore follows from Table 5 for static 

loading that 
Sf

w  2 , and for dynamic loading 
Sf

w  7 . For the second mode of crack loading and for 

plane stress it is possible to derive the following relation, 

 


3/])1(2[)1(
)1(2 FD

SC
S .  (15)  

Identical assumptions and identical conditions as in the previous case are leading to Table 6.  

If we compare the results from Table 6 with the assumption for linear-elastic materials,
Sf

w  , and if we use 

the Poisson’s number equal to 0.3 and 
S

 = 1 J/m2, then the value of the deformation energy density factor 
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calculated with use of the equation (15) is equal to 0.18 J/m2. Therefore follows from Table 6 for static 

loading that 
Sf

w  2 , and for dynamic loading 
Sf

w  7  

Table 6 Dependence of the critical value of the coefficient of deformation energy density on the fractal 

dimension for the second mode of crack loading 

specimen F
D     (m) )/(

2

mJS
C

 

05PS01 1.0684 0.3 0.00000473 0.42 

05PS16 1.0570 0.3 0.00000473 0.36 

5P11 1.1595 0.3 0.00000473 1.28 

5P20 1.1531 0.3 0.00000473 1.18 

CONCLUSIONS 

The objective of the work was to assess a dissipation of the deformation energy at the moment of crack 

initiation. For this purpose the Sih’s theory was applied together with the fractal model for curvature of the 

propagating. It was proved that a difference exists between statically and dynamically loaded specimens in 

initiation value both of the fractal dimension and of the curvature angle. Higher value of fractal dimension for 

dynamically loaded specimens is manifested also at higher curvature angle in comparison with statically 

loaded specimens. According to the Sih’s theory the curvature angle in case of the second mode of crack 

loading depends on the material Poisson’s number. On the basis of comparison of the Sih’s theory with the 

model of crack curvature in case of fractal behaviour of the fracture surface dependence was found between 

the curvature angle, fractal dimension and material Poisson’s number. It appears that fracture specific 

energy is in the case of the static loading a double of the energy for formation of fracture surfaces. In the 

case of dynamic loading the fracture specific energy corresponds approximately to a septuple of the energy 

for formation of fracture surfaces. The fracture specific energy does not depend on the first or the second 

crack loading mode. 
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Abstract 

An important factor that influences the steel quality is its purity. Steel contamination with excessive quantity 

of inclusions can be a major cause of problems, leading to the development of the degradation process and 

product devaluation. An absolute necessity for ensuring the required purity is also maintaining of the correct 

technology, including the elimination of defects of the equipment during the manufacturing process. In this 

work the cause of degradation of rotor made of NiCrMoV steel was evaluated on the basis of metallographic 

and electron-microscopic analysis. 

Keywords: steel purity, production technology, degradation 

1. INTRODUCTION 

The factor, which significantly affects the quality of steel, is its purity. For this reason great attention must be 

paid to the presence of inclusions in steel. As it is common knowledge, creation and composition of 

inclusions usually depends on the chemical composition of the steel, on the method of its deoxidation and 

alloying. The nature and type of inclusions also depends on the oxygen content and on modification of 

inclusions at processing of steel by secondary metallurgy treatment with use of calcium. 

Contamination of steel by excessive occurrence of inclusions can be a significant cause of degradation 

processes with resulting degradation of the product. Achievement of the required purity must be based on 

maintaining of the correct manufacturing technology in order to ensure that even during the process of 

production and processing of steel no defects occurred on the relevant equipment, which could lead for 

example to limitation of the argon flow into the melt, to absence of its rinsing, good homogenisation and 

degassing [1]. This could also cause deterioration of the purity of steel and hence its quality, leading to the 

subsequent degradation. 

2. MATERIAL AND EXPERIMENTAL TECHNIQUE 

The material for the rotor specified below was, as a result of its degradation, submitted to metallographic 

analysis performed with use of the Olympus GX 51 light microscope and fractographic analysis made on the 

JEOL 6490 LV scanning electron microscope with the X-ray micro-analyser Oxford Inca.  

Chemical composition of the used steel melt is shown in the following Table 1. 
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Table 1 Chemical composition of the used steel melt and chemical composition of the experimental plate at 

the place of defects as compared with the specification for production of this steel (mass%, *ppm) 

 C Mn Si P S Cr Ni Mo V W Al Cu 

Melt analysis  0.26 0.37 0.20 0.003 0.001 1.61 3.44 0.40 0.07  0.018 0.06 

7838 at the place of defects 0.32 0.39 0.23 0.005 0.002 1.67 3.43 0.44 0.08 0.01 0.021 0.07 

7838 at the place of defects 0.31 0.39 0.23 0.004 0.001 1.66 3.45 0.42 0.08 0.01 0.021 0.007 

Specification for production 0.24 0.35 0.15 Max Max 1.55 3.40 0.40 0.07  0.015 max 

0.28 0.40 0.25 0.007 0.002 1.70 3.60 0.45 0.10  0.025 0.20 

 

 

 

 

 

 

 

 

As is evident from the chemical analysis, chemical elements are within the range of production specification, 

with the exception of C, but this cannot be taken into account due to its segregation near the defects. 

Hydrogen is an exception, as its value is significantly higher than it is acceptable. 

2.1  Metallographic analysis  

It was determined by metallographic that microstructure of the steel was fine-grained in the entire volume 

and that it was composed of heterogeneous tempered bainite, which indicates high hardenability of the given 

steel used for manufacture of the rotor. The microstructure is presented in Fig 1. 

 
 Fig. 1 Distance of 20 mm below the surface  

The micrograph was taken from the surface layer of the rotor at the distance of 20 mm below the surface and 

we can see there a contrast between the initial austenitic grains with different crystallographic orientation 

fixed in bainitic ferrite as a result of relatively rapid cooling of the rotor surface during quenching in water. At 

larger distances from the surface this effect is not so clear anymore due to more gradual cooling. 

Structure of the basic metallic matrix is of predominantly acicular character - see Fig. 2 and at greater depths 

below the surface of the rotor it is also characterised by more pronounced dendritic segregations (Fig. 3). In 

the areas with lower carbon content, which exist deep below the surface, needles of pro-bainitic ferrite are 

also present, apart from the bainite, with high probability [2]. Presence of globulitic carbides, that are 

 Sn As Sb Ti Nb Ca* B* H* N 

Melt analysis  0.006 0.004 0.0013 0.002 0.00 1 4 1.2 0.008 

7838 at the place of defects 0.006 0.005 0.0013 0.003 0.00 1 4  0.008 

7838 at the place of defects 0.005 0.004 0.0013 0.002 0.00 1 4  0.006 

Specification for production  max max     max  

 0.01 0.002     0.8  
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distinguishable by a light microscope at magnification of 1000 x, confirms that bainite was after quenching 

tempered at high temperature. 

 

 

 

 

 

 

 

   Fig. 2 Distance of 480 mm below the surface     Fig. 3 Distance of 580 mm below the surface 

In the zone lying approximately in one half of the radius of the rotor body, i.e. at half the distance between 

the rotor surface and its axis, sporadic stem segregations were detected (Fig. 4). They contained clusters of 

larger manganese sulphides and pink sharp-edged particles of titanium carbo-nitrides, arranged in rows - 

see Fig. 5. The place of occurrence of the stem segregations appears to be dark in the micro-structure as a 

result of locally increased carbon content and thus larger amount of fine globulitic carbides in this area [3]. 

 

 

 

 

 

 

 

    Fig. 4 Distance of 400 mm below the surface    Fig. 5 Distance of 400 mm below the surface 

Metallographic analysis was focused also on identification of defects, which were detected by magnetic and 

capillary tests and on microstructure in their vicinity. At the places of ultrasonic findings discontinuities were 

detected in the form of coarse inclusions (Fig. 6) of round elongated cavities and coarse inclusions situated 

inside the cavities (Fig. 7). 

The largest of these discontinuities had on metallographic polished sections a length of approx. 1 mm and 

they were matched with the indications detected by ultrasound tests of the forging. According to the 

ultrasonic findings, beyond the area of defects, the whole volume of the investigated forging contained minor 

oxide and sulphide inclusions of micrometric dimensions and titanium nitrides or carbo-nitrides. The micro-

structure of the forging in the area of defects was formed the tempered bainite and no visible structural 

changes were observed in the vicinity of defects. 
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         Fig. 6 Complex inclusion   Fig. 7 Cavity at the place of ultrasonic indications 

Technique of electron X-ray microanalysis [4] determined on metallographic samples both the chemical 

composition of the coarse inclusions from the area of ultrasonic indications, and the chemical composition of 

small inclusions of usual size and morphology, which were dispersed in the volume of the forging in the 

investigated area. Inclusions in cavities form conglomerates of non-metallic particles, the dominant 

component of which consists of fragile sharp-edged complex oxides with the basis of MgO.Al2O3.CaO, 

beside which oxi-sulphides or manganese sulphides or also titanium nitrides or carbo-nitrides were present 

as well. Inclusions of usual size and morphology, which were dispersed in the volume of forging, did not 

contain calcium unlike the large inclusions and inclusions indicated by ultrasound. 

2.2  Fractographic analysis  

Results of fractographic analysis performed using scanning electron microscopy present in Fig. 8 

morphology of brittle trans-crystalline cleavage, which is characteristic for a substantial portion of the fracture 

surface. Fine cleavage facets characterise the bainitic structure, which was detected earlier by 

metallographic analysis. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 Fig. 8 Morphology of bainitic structure on the fracture area 

Defects appeared on the fracture surface of the samples after the tensile test, as it can be seen in Fig. 9. 

These defects, so-called fish eyes, can be most likely attributed to the effects of hydrogen. As it followed 

from the analysis of the chemical composition (see Table 1), its content exceeded by 50 % the maximal 

permissible limit. This fact was caused by a failure of the argon flow in the melt caused by cracked porous 

brick. This statement is supported also by the occurrence of inter-crystalline cleavage breach - see detail in 

Fig 10. 
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     Fig. 9 Defect on the fracture area          Fig. 10 Detail of the inter-crystalline area  

3. CONCLUSIONS 

Within the frame of the presented work metallographic and fractographic analyses, including X-ray 

microanalysis, were performed, particularly in connection with purity of the above mentioned investigated 

NiCrMoV steel. The purpose was to clarify the causes of degradation processes of ingots made of this steel 

designated for forging and for forgings of rotors for steam power plants. 

Altogether 35 inadmissibly large indications greater than 2 mm were found in the investigated rotor near the 

axis of the forging of the rotor body. Almost complete half of the rotor body on the soil part of the ingot was 

without unacceptably large defects. 

Microstructure of the investigated steel was fine-grained in the entire volume and it was formed mainly by 

tempered bainite of mostly acicular character, and at greater depths below the surface of the rotor also with 

more distinct dendritic segregations. At he places of ultrasonic findings discontinuities in the form of coarse 

inclusions of round elongated cavities and coarse inclusions situated inside the cavities were identified. 

According to the ultrasonic findings the whole volume of the forging, beyond the area of defects, contained 

minor oxide and sulphide inclusions micrometric dimensions and titanium nitrides or carbo-nitrides. 

Flaw detection analysis performed by scanning electron microscopy showed the morphology of brittle trans-

crystalline brittle cleavage, which was characterised for substantial part of the fracture surface. Defect facets, 

so-called fish eyes, which were accompanied by inter-crystalline failure, were detected on the fracture 

surface after tensile test. Such morphology is typical in the case of high hydrogen content. It was established 

that its level was approx. by 50 % higher than the maximal permissible value. This content, leading to 

degradation of the forging, was caused by a failure during the technological process, namely by defect of the 

brick for argon blowing. 
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MICROSTRUCTURE AND CAVITATION EROSION RESISTANCE FOR STAINLESS STEELS 

WITH 12 % CHROM AND VARIABLE NICKEL CONCENTRATIONS 

BORDEASU Ilare , MITELEA Ion, JURCHELA Alin Dan, OANCA Octavian 

 „Polytechnica“ Universty of Timisoara, Timisoara, Romania, EU 
ilarica59@gmail.com, ion.mitelea@mec.upt.ro, alindantm@yahoo.com  

Abstract 

Cavitation erosion is a complex phenomenon implying numerous hydrodynamic, mechanical, metallurgical 

and chemical factors. As a result, the researches destined to obtain new materials, with improved behavior, 

must be interdisciplinary and depends on the understanding the correlations between chemical composition, 

microstructure and, of course, the cavitation intensity parameters. 

The work investigate the role of casting obtained microstructures upon the cavitation erosion resistance of 

the stainless steels with 12 % of chromium and various nickel contents (2…10 % Ni). The microstructure 

differences occur as a result of the nickel gammagene action upon the transformation stability for under 

cooled austenite. The cavitation erosion tests were realized with two ultrasonic vibratory facilities. To reveal 

the microstructure modifications metallographic techniques were used  

The performances of the investigated stainless steels were compared with those of the OH12NDL steel 

used, in the past, for manufacturing numerous Romanian hydro energetic equipments.  

Keywords: stainless steel, cavitation erosion, microstructure, vibratory test facility 

1. INTRODUCTION 

The damage of materials by cavitation erosion is a continuous concern for scientists and particularly for 

manufacturers of hydro mechanic equipment, due to the changes that occur in the geometry of components 

that come into contact with the cavitating fluid, changes which influence the performances and the lifespan of 

the equipment. Finding technological solutions for increasing the lifespan of these components led 

researchers to aim their studies towards researching both the cavitation erosion resistance of materials and 

the phenomena that occur in the structure of the material as a result of the cavitation attack. This direction is 

imposed by the multitude of factors that influence cavitation erosion: chemical composition, microstructure, 

processing of blanks, chemical, mechanical and heat treatments, etc. Thus, the results presented in this 

paper are in trend with the new trends of the researchers in this field, trends that aim at researching the 

influence of the material’s structure on the vibratory cavitation erosion resistance of a range of stainless 

steels with constant chromium content, intended for the manufacturing of rotors and blades of hydraulic 

machines. 

2. STUDIED MATERIALS 

The stainless steels studied in this paper belong to the range of stainless steels intended for the 

manufacturing of blades and rotors of hydraulic pumps and turbines operating in intense cavitation 

conditions. The studies were conducted on eight stainless steels for which the blanks for these steels were 

obtained by casting. The steels were divided in two groups, according to the carbon content: four with ≈ 0.1 

% carbon, ≈ 12 % chromium and variable nickel content (≈ 0.5 %; ≈ 2 %; ≈ 6 %; ≈ 10 %) [10], and four with 

≈0,036 % carbon, ≈10 % chromium and variable nickel content (≈2 %;≈4 %; ≈6 %; ≈8 %).  
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The specimens for the cavitation tests and the ones for the determination of mechanical characteristics were 

manufactured out of the cast blanks, after these blanks were heat treated (homogenisation, quenching in 

solution with water or air cooling). 

Table 1 shows the mechanical characteristics of the studied steels and Table 2 shows the microstructure 

determined with the Schäffler diagram by using the equivalent chromium (Cre) and equivalent nickel (Nie) 

contents [6]. Because the comparison of the cavitation resistance of these steels is made with the resistance 

of the OH12NDL stainless steel [3], [7], which is the standard steel for hydraulic turbines in Romania, these 

tables show the specific data for this steel too. 

For identification purposes, the eight steels are symbolized according to the ratio of rough chromium and 

nickel contents. 

Table 1 Mechanical properties [8] 

Steel 
Carbon content 

% 

Rm 

[N/mm2] 

Rp0,2 

[N/mm2] 
HRC 

Z, 

% 

A5, 

% 

12Cr/0.5Ni 

 

 

≈ 0.1 

1450 1020 44 26.8 6.8 

12Cr/2Ni 1336 935 40 25.4 6.9 

12Cr/6Ni 1540 1083 46 24.8 6.3 

12Cr/10Ni 835 626 25 32.2 11 

(12Cr/2Ni)* 

 

 

≈ 0.036 

968 678 29 29.3 8.2 

12Cr/4Ni 989 695 30 28.7 8 

(12Cr/6Ni)* 1035 725 31 30.1 8.7 

12Cr/8Ni 1002 701 30 31.3 8.8 

OH12NDL ≈ 0.1 650 400 225 HB undetermined 

Note: The steels marked with ()* have a 0.036 % carbon content 

Table 2 Microstructural constitution [8] 

Steel 
Cre 

[%] 

Nie 

[%] 

Microstructural 

constituents 

12Cr/0.5Ni 14.26 4.81 75 % M+25 %F 

12Cr/2Ni 14.62 6.23 90 % M+10 %F 

12Cr/6Ni 14.9 10.14 40 % M+60 %A 

12Cr/10Ni 14.66 14.74 100 %A 

(12Cr/2Ni)* 13.27 3.15 55 % M+45 %F 

12Cr/4Ni 13.1 5.25 86 % M+14 %F 

(12Cr/6Ni)* 13.16 6.69 100 % M 

12Cr/8Ni 13.54 9.16 90 % M+10 %A 

OH12NDL 13.2 4.45 88 %M+12 %F 

3. TESTING METHOD AND TEST DEVICES 

The tests were conducted on the T2 apparatus with piezoceramic crystals found in the Hydraulic Machines 

Laboratory in Timişoara (LMHT), of the Politehnica University of Timişoara [1]. This apparatus was built 

according to the ASTM G32-2010 standards [2]. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

744 

The functional parameters of the apparatus are: power of electric generator 500W, vibration frequency 

20kHz, double vibration amplitude 50 µm, specimen diameter 15,8 mm. 

The cavitation tests were conducted in tap water, on the premises that chemically it is very similar to the 

functioning environment of hydraulic pumps and turbines. According to the laboratory procedures, the total 

cavitation attack time was 165 minutes, and it was split in 12 periods (one of 5 minutes, one of 10 minutes 

and ten periods of 15 minutes each). 

The testing procedure follows the ASTM G32-2010 standards. The surfaces to be eroded by cavitation were 

examined with the optical microscope and the scanning electron microscope. In order to examine the 

vibratory cavitation erosion produced damage at the end of the cavitation attack, the eroded surfaces were 

treated with aqua regia (1/4 HNO3 - ¾ HCl and 1-2 drops of glycerin) and a compound of 1/10 NHO3 - 9/10 

water for a microexamination. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

 Fig. 1 shows images of the eroded surface and its structure after 165 minutes of cavitation attack for the 

steels with the highest and the lowest cavitation resistance from each of the two groups (with 0.1 % C, and 

with 0.036 % C respectively). The images were obtained on the scanning electron microscope. 

 
12Cr/6Ni 

 
12Cr/0.5Ni 

 
(12Cr/6Ni)* 

 
(12Cr/2Ni)* 

 

 

 Fig. 1 Images of structure and the damage on the surfaces of the cavitated steels (after 165 minutes of 

cavitation attack) 

(1 - eroded microstructure taken on the scanning electron microscope (x500); 2 - erosion in the 

perpendicular cross section of the eroded surface highlighting the maximum depth of erosion (x4); 3 - the 

steel’s microstructure before the cavitation attack (x500)) 

The examination of the eroded structure on the scanning electron microscope led to the following 

conclusions: 
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1) steel 12Cr/0.5Ni shows a fairly even degradation of the surface, with small caverns and fragile breaks; 

the expansion of brakes occurred through intergranular cracks and slide lines; 

2) steel 12Cr/6Ni shows an even degradation of the eroded area, fragile breaks and intergranular cracks; 

3) steel (12Cr/6Ni)* shows an surface with uneven degradation and big craters, caverns with various 

dimensions (1-5 µm), surfaces with cleavage and highlighting of intergranular cracks; 

4) steel (12Cr/2Ni)* shows an uneven degradation of the surface with small caverns (2-8 µm); the breaks 

have a fragile appearance, with intergranular propagation. 

In order to highlight the behavior differences to the cavitation attack, there will be an analysis and 

discussions based on the comparison of the mean depth of erosion rate curves MDER(t) for the studied 

steels and the OH12NDL steel - a reference steel for hydraulic turbines in Romania[3], [4], [7], comparison 

shown in Fig. 2. 

 
 Fig. 2 The variation of the mean depth of erosion MDER with the attack time 

In Fig. 2 we see that the erosion speeds MDER of all the studied steels tend to stabilise at the highest value. 

According to previous research done in the Cavitation Laboratory of the Politehnica University in Timişoara 

[3], [5], this type of behavior is particular to steels with high cavitation erosion resistance. Also, by comparing 

the value at which the MDER parameter tends to stabilize, we can see that the studied steels have a better 

behavior and a superior cavitation erosion resistance compared to the OH12NDL steel. 

Also, we can see that the erosion speeds for steels 12Cr/10Ni, 12Cr/2Ni and 12Cr/6Ni tend to stabilise after 

90 minutes although their structures are made up of different ratios of the three constituents (martensite, 

austenite, ferrite). This type of behavior proves that an improvement in cavitation resistance can also be 

obtained with an adequate structure, not just from superior mechanical properties. 

In order to highlight the effect of the steels’ eroded structure (defined based on the Schäffler diagram [7]) on 

the cavitation resistance, Fig. 3 ranks the steels according to the cavitation resistance. We can seethat the 

steel with 60 % austenite and 40 % martensite has the best behavior and the steel with 55 %martensite and 

54 % ferrite has the worst behavior. This difference can be atributed to the δ ferrite, which is the constituent 

with the lowest cavitation resistance [4], [10]. 
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 Fig. 3 Comparison of the cavitaion resistance with the steels’ microstructure 

 

Additionally, Fig. 3 suggests that a significant increase of the martensite content (the constituent with the 

highest cavitation resistance [3], [9], [10]) in the steel’s structure can lead to an increase of the cavitation 

resistance, even if the structure contains a certain amount of δ ferrite (like steel 12Cr/2Ni with  

90 %martensite and 10 % ferrite). The slightly lower cavitation resistance of the steels with high martensite 

ratios (100 % for steel (12Cr/6Ni)*, 90 % for steel 12Cr8Ni and 86 % for steel 12Cr/4Ni) are justified by their 

lower carbon content (0.036 %). The interstitially dissolved elements (C and N) have the strongest hardening 

effect on the solid solution.This phenomenon explains the superior cavitation resistance of the steels with  

0.1 % C compared to the ones with 0.036 % C. 

 Fig. 4 shows the differences between the mean depths of erosion, calculated at the end of the testing 

periode [6], and the measured depths from an arbitrary cross section. 

 

 Fig. 4 Comparison of the mean depths of erosion MDE 

We consider that the maximum depth of erosion measured at the end of cavitation test can give us cues 

about the intensity of cavitation erosion but it is not suited to be used in appreciating the cavitation 

resistance, because it depends on the arbitrary position of the cross section on which the measurements are 

made, and mostly on the dimensions of the grains that are ejected at a certain moment of the cavitation 

attac. 
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CONCLUSIONS 

1) All the studied steels show high cavitation erosion resistance, superior to the OH12NDL reference 

steel, and are suitable for manufacturing rotors and blades for hydraulic machines which are exposed 

to high cavitation. 

2) The nickel content plays an important role in establishing the ratios of the microstructural components 

and implicitly in defining the mechanical cavitation resistance characteristics. 

3) For a content of 0.1 %C, a small amount of δ ferrite combined with martensite (steel 12Cr/2Ni) offers 

the steel a higher cavitation resistance compared to purely steels with martensite (steel 12Cr/6Ni)*) or 

steels with martensite and austenite (steel 12Cr/Ni8) which have a low carbon content (0.036 %). 

4) The maximum depth of erosion (obtained from measurements) can not be used as a reference 

parameter in establishing the cavitationresistance, because it is influenced mainly by the distribution of 

microstructural constituents, grain size and the place where the cross section is made in the 

specimen. The only parameter that can be used in a comarison is the mean depth of erosion 

calculated from the mass loss registered durring the cavitation attac. The maximum measured depth is 

recomended to be used in estimating the number of electrods neede in future repare operations. 
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Abstract 

Recent increase in output of nuclear power plant has been attained by enlargement of most major 

components such as pressure vessels. Such large components have almost reached a size limit from the 

points of manufacturing capacity. In order to solve this problem, it must be beneficial to apply by use of 

material of higher strength, which brings reduction of pressure vessel thickness and weight. A508 Grade 4N 

is a high nickel pressure vessel steel with relatively high yield strength and a relatively low transition 

temperature. A study was undertaken to evaluate conventional as well as unconventional material properties 

of forging made of in our institute. This paper describes results of mechanical properties, structure and 

fracture behaviour including nil-ductility transition temperature. 

Keywords: A508 Grade 4N; transition behaviour, mechanical properties 

1. INTRODUCTION 

A508 Grade 4N is a high nickel (3,4 %) pressure vessel steel with a relatively high yield strength and a 

relatively low transition temperature. Steel has an attractive combination of strength and low temperature 

fracture toughness. The high nickel content and refined microstructure result in a steel with excellent 

combination of strength, toughness and low ductile-to brittle transition temperature. A study was undertaken 

to evaluate conventional as well as unconventional material properties of forging made of in our institute. 

This paper describes results of mechanical properties, structure and fracture behaviour including nil-ductility 

transition temperature. Main motivation for this work was to verify of metallurgy and production technology 

for manufacturing of forging with sufficient metallurgical parameters as well as sufficient level of mechanical 

properties especially from the view of toughness.  

2. MATERIAL, TEST PROCEDURES AND RESULTS 

A ingot V2A with total weight 1600 kg was produced in our institute according to ASTM A 508 [1] with VCD 

process. Chemical composition of ingot can be seen in Table 1. 

Table 1 Basic chemical composition of the steel, wt. (%) 

C Mn Si P S Cu Ni Cr Mo 

0.09 0.27 0.08 0.011 0.008 0.09 3.75 1.68 0.48 

 

V Ti As Sn Sb Al Nb N O 

0.008 0.006 0.005 0.004 0.003 0.010 0.003 0.0029 0.0052 

After forging in VITKOVICE HEAVY MACHINERY on final dimensions (150 x 250 x 1800 mm) and before 

final heat treatment specimens were cut to construct continuous cooling transformation diagram (CCT). The 

mailto:ladislav.kander@mmvyzkum.cz
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basis of a parameter selection many heat treatment operation is knowledge of the supercoold austenitite 

transformation kinetic during the cosines cooling from the austenitizing temperature. The obtaining of the 

optimum properties of the steel is possible only after the application of suitable heat treatment operations. 

Sample is austenitized and then cooled at a predetermined rate and the degree of transformation in 

measured using special equipment - dilatometer. Obviously a large number of experiments are required to 

build up a complete CCT diagram. CCT diagram for steel under investigation is given in the Fig. 1. 

 

 

 

 

 

 

 

 

 Fig. 1 CCT diagram of A 508 Gr.4N Cl.3 steel with examples of microstructure 

After final heat treatment containing austenitization at 890 °C following water quenching and tempering at 

650 °C with cooling on air both tensile tests and impact tests have been carried out. Results of basic 

mechanical properties (tensile test at room temperature and impact tests at -29 °C, which is ASME specified 

temperature) are summarized on Table 2. Based on successful test results macro and microstructure 

analysis, inclusion content, following by testing of unconventional properties (FATT, TNDT, RTNDT transition 

temperatures as well as evaluation of fracture behaviour with fracture mechanics tests could be started. 

Results of macrostructure investigation are presented in Fig. 2. 
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Table 2 Mechanical properties of the steel A508 Gr.4N Cl.3 

Steel grade 
Rp0.2 

 [MPa] 

Rm 

 [MPa] 

A  

 [%] 

Z  

[%] 

KV -29°C 

 [J] 

A508 Gr.4N Class3 536 638 23 74 230 

ASME requirements min. 485 620-795 min. 

20 

min. 

48 

48 

 

 

 

 

 

 

 

 

 

 Fig. 2 Macrostructure of steel A508 Gr.4N Cl.3 after final heat treatment 

Inclusion content has been determined according to ASTM E 45 [2], which is well known test method covers 

procedure for determining the nonmetallic inclusion content of wrought steel. For evaluation was used 

method A (worst fields). Each field was compared to the square fields depicted in Plate I-r a search for the 

worst field, that is , the highest severity rating, of each inclusion type A, B, C, and D for both the Thin and 

Heavy series. The severity level of these worst fields was reported for every specimen examined, here 

however due to space reason only average results are reported in Table 3. 

Table 3 Inclusion content of the A508 Gr.4N Cl.3 grade steel 

The worst field (method A) 

Type A Type B Type C Type D 

Thin Heavy Thin Heavy Thin Heavy Thin Heavy 

1.2 0.6 1.1 0.8 0 0 1.25 0.3 

To obtain more information about transition range of steel under investigation series of Charpy impact tests 

have been carried out to evaluate position of transition range on temperature axis and quantify all most 

widely used transition temperature. Results of Charpy impact tests are plotted in the form of temperature 

dependence of impact energy in the Fig. 3.  

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3 Temperature dependence of impact energy  

 

 

Impact energy 
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Similar dependencies were obtained both for percent of shear fracture and lateral expansion. From these 

dependencies transition temperatures were calculated - see Table 4. Two last columns in Table 4 represent 

nil ductility temperature evaluated according to ASTM E 208 [3] and reference nil ductility temperature RTNDT 

that make connection between results of drop weight tests and Charpy impact test. For details of RTNDT 

evaluation see ASME Code [4]. 

Table 4 Transition temperatures of steel under investigation 

T27 J T41 J T68 J FATT T0.9 mm RTNDT TNDT 

-138°C -130°C -121°C -114°C -120°C -115°C -120°C 

Recently developed so called Master curve concept based on evaluation of reference temperature T0 was 

used for evaluation of fracture behaviour [5,6]. In this concept modern statistical methods, and an improved 

understanding of elastic-plastic test methods, have been coupled to define a transition curve of static fracture 

toughness versus temperature that is derived using only fracture mechanics-based test data. Main 

advantage is that uncertainty associated with the empirical postulates involving non-fracture mechanics data 

that had to be employed in the past for ASME Code has been eliminated. ASTM E 1921 [6] presents now the 

experimental and computational procedures that are to be used to arrive at a reference temperature, T0. 

Temperature T0 is defined as the temperature at which a set of data having six or more valid KJC values 

converted to 25,4 mm size equivalence will have a median 100 MPam0,5. Master curve is an empirically 

derived universal transition range curve of fixed shape for static fracture toughness versus temperature. It is 

known to characterize the transition range of commercially made ferritic steels and weld metals. The Master 

curve essentially verifies the ASME postulate, differing principally in the reference temperature indexing 

method, using T0 instead of RTNDT and a median transition curve shape instead of KIC lower bound. Fracture 

toughness tests were carried out at test temperature -140 °C to obtain median of fracture toughness about 

100 MPa m0,5.Based on experimental data Master curve with tolerance bounds for fracture probability 

correspond to 5 and 95 % have been plotted in the Fig. 4. 

 
 Fig. 4 Master curve of steel A508 Gr.4N Cl.3 (including tolerance bounds for 5 and 95 % fracture probability 

T0 = - 188 °C 
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3. RESULTS AND DISCUSSION  

3.1. Structure and mechanical properties 

Microtructure of the steel under investigation was found to be fully bainitic in whole range of cooling rates - 

see CCT diagram - Fig. 1. Only two cooling rates with -v = 4.43 and 4.73 respectively (correspond 0,98 and 

0,5 °C/min) showed a very small amount of ferite localized mostly in small isles. Total amount of ferrite has 

been found to be below 2 %. Macrostructure analysis shows, that structure is clear without any segregation. 

From the Table 3 can be clearly seen that non-metallic inclusion content characterized by worst field method 

is good and indicates sufficient level of metallurgy during production. These result are in very good 

accordance with reference [7].  

Mechanical properties summarized in Table 2 meet all requirements with sufficient level. During this work 

several tempering temperature have been chosen to get information about structure and properties including 

toughness in wide interval. Tempering temperature 650 °C was chosen from the point of view maximum 

toughness level.  

3.2. Impact properties and fracture toughness 

Excellent toughness was confirmed by Charpy impact tests, temperature dependencies of all characteristics 

earned from Charpy impact tests declared very low transition temperatures (see Table 4) usually used for 

toughness characterization of pressure vessel steels used in nuclear power engineering. Additionally nil 

ductility temperature as well as its normalized value RTNDT also confirmed perfect toughness properties. Our 

results are on the same level or better compared with [8]. 

Temperature dependence of fracture toughness has been presented in the form of Master curve - see Fig. 4. 

Value of evaluated reference temperature agree very well with results presented in [9] where large 

comparison of available fracture toughness data were carried out from the point of view variability of fracture 

toughness in the transition range. Based on experimental data from more than 800 fracture toughness test 

results a new model describing behaviour of A508 Gr.4N has been introduced in [9]. Our experimental 

results completely agree with the findings presented in [9]. 

4. CONCLUSIONS 

Paper summarized results of structure analysis and mechanical properties including fracture toughness data 

for A508 Grade 4N Class 3 pressure vessel steel. Obtained results shows on good metallurgical level during 

manufacturing process. Heat treatment was primarily focused on optimizing toughness properties 

characterized by low transition temperatures based on Charpy as well as on DWT tests. Transition 

temperatures have been found to be between -138 and -114 °C. Fracture toughness was characterized 

using recent concept called Master curve approach based on evaluation of reference temperature T0. Value 

of reference temperature T0 was found to be - 188 °C and also confirmed excellent toughness properties of 

the steel under study. Our results are in a very good agreement with results presented in references [7-9].  
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Abstract 

Cavitation erosion is a key factor for extending the running life of hydraulic turbines blades or even runners. 

Our researches are directed towards new stainless steels composition with reduced carbon content but high 

cavitation erosion resistance and simultaneously good welding abilities and mechanical resistance. Various 

steels, with constant Ni content and variable Cr content (alpha gene element) present modifications of the 

nature and proportions of the constitutive structural components (Austenite, Martensite and Fe) with 

important consequences upon the cavitation erosion resistance and the value of mechanical characteristics.  

The cavitation erosion tests were done on a vibratory facility with piezoceramic crystals, realized in 

agreement with the specifications of the ASTM G32-2010 Standards. The obtained results show that a Cr 

content of about 6 % give the longest incubation period and the best cavitation erosion resistance, both 

values being better that those obtained with the steel OH12NDL used in the past, in Romania, on a large 

scale, for turbine components subjected to cavitation erosion.  

Keywords: stainless steel, cavitation erosion, mechanical properties, vibratory test facility 

1. INTRODUCTION 

Cavitation erosion is the most spectacular effect of the cavitational phenomena, due to the destruction of the 

solid materials which represent the frontiers that come in contact with the cavitating fluid. For this reason the 

research done in this field is aimed towards generating new materials, especially stainless steels, with 

structural characteristics and mechanical properties which improve the resistance and the behavior to the 

destructive effect of cavitation [1], [2], [3], [4], [5], [6], [7]. This paper highlights the cavitation erosion 

resistance obtained on a range of eight stainless steels with about 10 % nickel content by changing the 

chromium and carbon content, change which results in various microstructural constitutions.  

2. STUDIED MATERIALS 

The stainless steels studied in this paper belong to the range of stainless steels intended for the 

manufacturing of blades and rotors of hydraulic pumps and turbines operating in intense cavitation 

conditions. The studies were conducted on eight stainless steels divided in two groups, according to the 

carbon content: four with ≈ 0.1 % carbon, ≈ 10 % nickel and variable chromium content (≈ 6 %; ≈ 10 %;  

≈ 18 %; ≈ 24 %) and four with ≈0,036 % carbon, ≈10 % nickel and variable chromium content (≈13 %;≈14 %; 

≈16 %; ≈18 %). Austenite is an important constituent for these steels. They were chosen because they can 

be easily welded during routine or major maintenance operations on rotors and blades of hydraulic machines 

[1]. 

The steel blanks were cast in the EMO 1200 R vacuum melting furnace with electron flux. The casting of the 

steels was followed by a heat treatment of quenching in solution at 1050 °C and air cooling (for the steels 

with martensite content), or water cooling (for the steels with a structure of austenite or austenite and ferrite 

δ) respectively. Three specimens were manufactured out of each steel blank for the cavitation tests and 

other specimens were manufactured out of the same blanks for determining the mechanical properties. The 

mailto:ilarica59@gmail.com
mailto:ion.mitelea@mec.upt.ro
mailto:karabenciov@yahoo.com
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roughness of each specimen’s cavitation exposed surface was determined as a mean value of three tests 

conducted in different places on the surface. 

Table 1 shows the mechanical characteristics and the microstructure of the studied steels. The 

microstructure was determined on the Schäffler diagram with the equivalent chromium (Cre) and nickel (Nie) 

content [2], [8]. Table 1 also shows the notation system used in this paper, since the studied steels are not 

standardized steels. This notation system is comprised of: 

 the symbol for the reference chemical element Ni, followed by the number 10, which represents it’s 

approximate value (in percent); all the steels have the same value; 

 the symbol for the variable chemical element Cr, followed by a number representing the approximate 

content of the element, in percent; 

 the letter C representing carbon, followed by the number 1 (for the steels with about 0.1 % carbon) or 

the number 036 (for the steels with 0.036 carbon). 

Table 1 Mechanical properties. Microstructure. 

Steel 
Rm 

[N/mm2] 

Rp0,2 

[N/mm2] 

HB Cre 

[%] 

Nie 

[%] 

Structural constitution 

Ni10Cr6C1 1550 1120 489 11,924 15.173 32 %M+68 %F 

Ni10Cr10C1 1450 1020 447 14,919 14.854 100 %A 

Ni10Cr18C1 1335 934 372 22,414 14.138 98 %A+2 %F 

Ni10Cr24C1 1280 901 302 30,362 15.101 81 %A+19 %F 

Ni10Cr13C036 856 618 276 13,209 11.454 55 %M+45 %F 

Ni10Cr14C036 341 240 346 15,022 11.4935 30 %M+70 %F 

Ni10Cr16C036 996 700 309 17,824 11.515 100 %A 

Ni10Cr18C036 527 369 375 19,610 11.508 93 %A+7 %F 

3. TESTING METHOD 

The cavitation tests were conducted on the vibratory apparatus with piezoceramic crystals T2 (double 

vibration amplitude 50 µm, vibration frequency 20000 Hz ± 3 %, specimen diameter 15.8 mm, power of 

ultrasound generator 500 W) found in the Cavitation Laboratory of the Politehnica University of Timișoara [2]. 

The tests respected the procedures of ASTM G32-2010, using tap water kept at 22 ± 1 °C [2]. The total 

duration of the cavitation tests was 165 minutes. The tests were stopped at predetermined intervals [5], [6], 

in order to take pictures of the eroded surface and to examine these surfaces with the naked eye and under 

the optical microscope. The mass loss registered during these stops was used to plot the diagrams for the 

mean depth of erosion MDE(t) and the mean depth of erosion rate MDER(t). Using the MDER(t) diagrams, 

we determined the 1/MDER parameter, which characterize the cavitation resistance of materials. This 

parameter is the inverse of the value at which the MDER parameter tends to stabilize. 

4. EXPERIMENTAL RESULTS 

Fig. 1 shows the diagrams for the correlation of cavitation resistance 1/MDER with the main mechanical 

properties of the eight stainless steels studied in this paper. 
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a) b) 

 

c) 

 Fig. 1 The variation of cavitation erosion resistance with the main mechanical properties:  

a) breaking strength, b) yield strength, c) Brinell hardness 

As expected, the conclusion drawn from the three diagrams in Fig. 1 is that the cavitation resistance 

increases exponentially with the value of the three mechanical properties Rm, Rp0,2 and HB. Also, it can be 

seen that the forms of the analytical formulas for the approximation curves are similar to the ones 

established by Garcia and Hammitt for the correlation of the 1/MDER parameter with the Brinell hardness 

(HB) [9]. 

Table 2 shows the values for the scale parameter A and the shape parameter B, used in the three curves 

that approximate the correlation points between the cavitation resistance parameter 1/MDER and the values 

for the mechanical properties. 

Table 2 The analytical forms of the approximation curves 

Figure Analytical form Parameter A Parameter B 

1 a 1/MDER = A·Rm
B 0.0009 1.75 

1 b 1/MDER = A·Rp0,2
B 0.0012 1.8 

1 c 1/MDER = A·HBB 0.0038 1.8 
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As one can see in Fig. 1 and Table 2, the values for the shape parameters B are similar or identical to the 

value established by Garcia [9] and Hammitt [10], while the scale parameter A is completely different. We 

consider that difference of the scale parameter is due to its dependence on the measurement unit, to the 

reference mechanical property and to the cavitation damage intensity of the vibratory apparatus used in the 

experiments. 

Fig. 2 and 3 show the influence of the steels’ microstructure on cavitation resistance (1/MDER) and on the 

mean depth of erosion (MDE) at the end of the cavitation tests. Also, these diagrams offer a ranking of the 

studied steels depending on the cavitation resistance. 

 

 Fig. 2 The influence of microstructure on cavitation erosion 

According to Fig. 2, the highest cavitation resistance was registered for the steel with 0.1 % carbon and 6 % 

chromium, with a microstructure of 32 % martensite and 68 % austenite. The lowest cavitation resistance 

was registered for the steel with 0.036 % carbon and 18 % chromium, with 93 % austenite and 7 % ferrite. 

Also, we can observe four groups of steels with similar cavitation resistance, but with different 

microstructures (shown from the strongest to the weakest): 

 the highest cavitation resistance - the steel with 6 % Cr and 0.1 % C; 

 the steels with 10 % Cr, 18 % Cr, 24 % Cr and with 0.1 % C; 

 the steels with 13 % Cr, 14 % Cr and with 0/036 % C; 

 the steels with 16 % Cr, 18 % Cr and with 0.036 % C. 

Additionally, it is found that the steels with 0.1 % C have a better cavitation resistance compared to the 

steels with 0.036 % C, regardless of the chromium content or the microstructure. 
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 Fig. 3 The influence of microstructure on the mean depth of erosion after 165 minutes of vibratory cavitation 

attack 

Fig. 3 confirms the conclusions drawn from Fig. 2 with one exception, namely that the steel with 16 % Cr 

and 0.036 % C has a significantly better cavitation behavior/resistance at the end of the cavitation tests 

compared to the steel with 18 % Cr and 0.036 % C, according to the parameter MDE. We can see that at the 

end of the tests, the end of the lowest value of the mean depth of erosion was registered for the steel with 32 

% martensite and 68 % austenite (10 % Ni, 6 % Cr, 0.1 % C). We consider that this behavior is due to the 

presence of martensite, but also due to the content of carbon (about 0.1 %), 

The highest mean depth of erosion was registered for the steel with 93 % austenite, 7 % ferrite and 0.036 % 

C. Moreover, like we saw before at the correlation of the cavitation resistance with the 1/MDER parameter 

(Fig. 2), the steels with 0.036 % C have higher MDE values compared to the steels with 0.1 % C. 

Although in these situations carbon helps to improve the cavitation resistance, we consider that the steels 

with 0.036 % C are a better option for the manufacturing of components for hydraulic pumps and turbines 

because they are better suited to the frequent welding operations done during routine or major maintenance 

operations. 

Moreover, the data from Figs. 2 and 3 confirms the complexity of the mechanical process of cavitation 

erosion and its dependence on the functional parameters of the installation and also on the microstructure 

and the mechanical properties of the material. 

Fig. 4 shows images of the eroded structures taken on the OLYMPUS SYX7 scanning electron microscope 

for the steels with the highest and the lowest cavitation erosion resistance. The analysis of the Ni10Cr6C1 

steel’s surface shows a mixed aspect with fine caverns and evenly distributed holes, and a highlighting of the 

cleavage areas and split grains. The breaks have a fragile aspect. 

 

 

Steel Ni10Cr6C1 

 

 

Steel Ni10Cr18C036 

 Fig. 4 Images of the eroded surface after 165 minutes of cavitation attack - scanning electron microscope  
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The surface of steel Ni10Cr18C036 shows big caverns, secondary cracks, cleavage planes and propagation 

of breaks on slides. 

5. CONCLUSIONS 

Among the eight studied steels with constant nickel content (about 10 %), the highest vibratory cavitation 

erosion resistance was obtained for the steel with 0.1 % carbon content, 6 % chromium content and a 

microsturucture made of 32 % martensite and 68 % austenite. 

The lowest vibratory cavitation erosion resistance was recorded for the steel with 0.035 % carbon, 18 % 

chromium and a microstructure of 93 % austenite and 7 % ferrite.  

The carbon content affects the cavitation erosion resistance of steels. The steels with 0.036 % carbon 

showed a lower cavitation erosion resistance compared to the steels with 0.1 % carbon. 

The chromium content has a major effect in establishing the ratios between the microstructural constituents 

and, automatically, on the steel’s mechanical properties and cavitation resistance. 

The increase in chromium content leads to lower cavitation resistance for stainless steels due to the 

expansion of δ ferrite. 

The increase of the mechanical properties leads to an improved of steel’s cavitation resistance. 
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Abstract  

The diffusion welding of titanium alloy Ti6Al4V and austenitic stainless steel 1.4301 was produced at 

Laboratory of Education of Welding Technologies on CTU in Prague. The welds were done without and with 

Nickel interlayer (thickness 20 μm) and are evaluated by metallography, SEM, EDX and nanohardness 

measurement. There was mapped chemical composition across the joint interface by EDX analysis. 

Mechanical characteristics (reduced modulus Er, indent hardness HIT) were measured by system Hysitron TI 

950 TriboIndenter™. Results show that using of Ni interlayer leads up to creation of NiTi phase with shape 

memory. This phase is not present at sample welded without Ni interlayer. The presence of NiTi phase has 

resulted in slower transition of reduced modulus from one material to another. At sample without Ni Interlayer 

fluctuations of measured hardness values was noted, so mechanical properties of the joint with Ni interlayer 

would be better. 

Keywords: Diffusion Welding; Titanium; Austenitic Stainless Steel; Nickel Interlayer; Heterogeneous Joints  

1. INTRODUCTION  

Titanium and its alloys are attracting much attention lately from many different industrial areas. Its properties, 

low density, strength at higher temperature, oxidation resistance make it feasible for chemical industry, 

aircraft industry etc. Thanks to its biocompatibility medical science is using it widely for implants (screws, 

prosthetic joints). 

Titanium is expensive material, so structures combining titanium with other metal is often desirable, Ti 

welding or/and cladding. However titanium has very low solubility with other metals. Welding with other 

materials by fusion welding is problematic, because of creation of brittle intermetallic phases in the weld (with 

Fe - Fe2Ti, FeTi). High reactivity and affinity to gasses, e.g. nitrogen, oxygen, is also problematic. Welding of 

titanium results difficult, but as very important and prospective, it is in the close focus of research. One of the 

areas of development are e.g. laser welding [1] and diffusion welding [2] [6]. This article focuses on diffusion 

welding.  

Welded structures combining steel and titanium are of great importance in industry. Often special 

intermediary layers are used as being transition area well connecting to steel and titanium material. Mutual 

diffusion, plastic properties and face contacts are improved by interlayer. These interlayers can be deposited 

by electrolysis, thermal spraying, thin foils etc. Most often Ni and Cu are used, because of plasticity 

properties [2] [3] [5]. This article focuses on heterogeneous diffusion welds of steel and titanium when using 

and non-using Nickel interlayer. 

2. MATERIALS 

The most widely used titanium alloy Ti6Al4V (type α+β) and austenitic stainless steel 1.4301 (according to 

EN 10 027-2) were used. Chemical composition and material properties are at Table 1 and 2. Base metal 

structure of Ti6Al4V is shown at Fig. 1a. Structure of steel 1.4301 is at Fig. 1b. 

As interlayer, Nickel coating of thickness 20 μm was electroplated on steel sample.  
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Titanium alloy Ti6Al4V has high strength, ductility and great corrosion resistance. At higher temperatures 

due to high affinity to oxygen, stable oxides are created. Oxygen well dissolves in titanium and during 

welding it creates weld embrittlement so certainly inert atmosphere needs to be used for full protection of 

weld. Most often it is Argon shielding of the weld face and root.  

Cr-Ni alloyed austenitic stainless steel 1.4301 is the most widely used in food industry, because it is 

corrosion resistant in urban areas, to water, weak alkali and acids. It is well weldable by many fusion welding 

technologies. Welding of austenitic steels should control heat input, to prevent grain coarsening, BM purity 

and phase composition should be checked to prevent hot cracking.  

Table 1 Chemical composition and mechanical properties of alloy Ti6Al4V 

Ti [%] Al [%] V [%] Fe [%] Mo [%] 

88.3 7.1 4.2 0.2 0.05 

Tensile 
strength  
Rm [MPa] 

Yield 
strength 

Rp0.2 [MPa] 

Hardness 
HV 

Young 
modulus 
E [GPa] 

Density 
[kg/m3] 

Melting 
point 

TT [°C] 

Thermal 
expansivity 

[10-8 K-1] 

1 000 830 - 925 330 - 390 114 4 430 1650 9.5 

Table 2 Chemical composition and mechanical properties of steel 1.4301 

Fe [%] Cr [%] Ni [%] Mn [%] Si [%] Cu [%] Mo [%] Co [%] 

70.3 18.6 7.9 1.5 0.4 0.4 0.2 0.2 

Tensile 
strength  

Rm [MPa] 

Yield 
strength 

Rp0.2 [MPa] 

Hardness 
HV 

Young 
modulus 
E [GPa] 

Density 
[kg/m3] 

Melting 
point 

TT [°C] 

Thermal 
expansivity 

[10-8 K-1] 

750 220 226 200 7 850 1476 16 

 

  

1a 1b 

 Fig. 1 Metallography of Base Metals - titanium alloy Ti6Al4V (1a), steel 1.4301 (1b)  

3. EQUIPMENT 

Special diffusion welding equipment Indutherm SU 450 was used, shown at Fig. 2a. Heating of welded parts 

is done by induction in closed chamber. Before the welding, the chamber is evacuated and inert Argon 

atmosphere is inserted. Heating is enabled by use of high frequency inductor and graphitic crucible. Welding 

samples are round with hole inside and ground contact faces. Central hole (min. diameter 5 mm) is used for 

placement and fastening the samples, as at Fig 2b, Heating cycle is fully programmable, controlled by 

20 μm 

20 μm 
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thermocouple inside the chamber. Welding parameters were searched in literature [3] and subsequently 

tested. 

  

2a 2b 

 Fig. 2 Diffusion welder Indutherm SU 450 (2a), stem that serves to mount and fasten welding samples and 
graphite rings to into the diffusion welder (2b) 

4. EXPERIMENTAL  

Samples of diameter 30 mm and thickness 5 mm were ground and polished to roughness Ra = 0,01 μm. 

Used welding parameters are as follows:  

welding temperature 900°C 

welding time was 900 s 

welding pressure 2.5 bar 

Inert gas Argon 4.6 was used during whole heating and welding cycle, when temperature was over 100 °C. 

Welding chamber was preheated to 500 °C. Placement of sample on the mounted stem is shown at Fig. 2b. 

Sample without interlayer and with Ni interlayer were welded. Metallography was done together with 

analysis, chemical composition, mechanical properties were measured and these samples were compared.  

Chemical analysis was done by a scanning electron microscope (TESCAN VEGA 3 LMU) equipped with 

EDS analyser (OXFORD Instruments INCA 350). Micromechanical properties were obtained using the 

nanomechanical instrument Hysitron TI 950 TriboIndenter™. The measurement methodology is in detail 

described in [4]. From the measured results, it was found out that HIT is more sensitive parameter than 

reduced modulus Er. so this research work will only present results of nanohardness HIT and Er is not 

presented. 
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5. RESULTS  

Metallography is shown at Fig. 3. And chemical analysis results are at Fig. 4, Fig. 6. Mechanical properties 

are shown at Fig. 5, Fig. 7.  
 

  

3a 3b 

 Fig. 3 Metallography - sample without Ni interlayer (3a) and with Ni interlayer (3b) 

From the metallography and chemical analysis it is visible that weld area composes of many layers with 

different layers (Fig. 3) with different properties.  

Sample without Ni interlayer 

Sample without Ni interlayer (Fig. 4, 5) TiNi3 intermediary phase thick 4 μm was created. This layer is very 

brittle, the hardness peak is visible at Fig. 5, hardness of this layer HIT = 14 GPa is much higher than base 

metal HIT = 5 GPa. Diffusion of Ti, Cr, Al, V into steel part up to depth 2 - 4 μm and Fe, Ni diffused into Ti 

alloy up to depth 10 μm. 

In direction of Ti alloy Ti2Ni phase was created, 25 μm thick. On the boundary of TiNi3 and Ti2Ni decrease of 

hardness was measured. Inside Ti alloy the hardness varies, which is created by existence of different 

phases α, β inside the alloy. 

 

 

 Fig. 4 Chemical composition across weld diffusion joint - sample without Ni interlayer  

Ti2Ni 

TiNi3 

TiNi3 

Ti2Ni + Ti 

NiTi 

20 μm 20 μm 
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 Fig. 5 Indentation hardness evolution across the fusion line - sample without Ni interlayer  

Sample with Ni interlayer 

The sample with Ni interlayer (Fig. 3b) has TiNi3 phase near the diffusion boundary of Ti alloy and Ni 

interlayer (thickness 4 μm), this is similar to the sample without Ni interlayer. In direction to steel no 

intermediary phase was created. Only Cr, Fe diffused into electroplated Ni. 

In direction to Ti alloy, NiTi phase was created, thick 6 μm, with hardness of HIT = 10 GPa, higher that the 

surrounding phases with HIT = 5 GPa. Eutectic Ti2Ni + Ti adhere to this layer. 

 

 

 Fig. 6 Chemical composition across weld diffusion joint - sample with Ni interlayer  

From hardness measurement (Fig. 7) Ni interlayer had positive influence on mechanical properties, by 

reducing maximum hardness and slowing the gradient of this change. The sample without Ni interlayer had 

much higher hardness and the change of hardness was steep.  
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 Fig. 7 Indentation hardness evolution across the fusion line - sample with Ni interlayer  

6. CONCLUSION 

Using Ni interlayer during diffusion welding of stainless steel and Ti alloy resulted in decreasing hardness of 

created intermediary layers to 10 GPa, compared to sample without Ni interlayer with peak hardness 

14 GPa. So expectedly the resulting weld with Ni interlayer would be more ductile, so using of Ni interalayer 

is advantageous for this kind of diffusion welding. 

This research would develop in the future research, where new possible interlayers, their thickness, plating 

methods. Also mechanical properties will be measured, micro charpy, bend test, tensile strength. 

Furthermore optimization of welding parameters should be researched in closer detail, e.g. temperature, 

length, shielding gas, contact pressure, sample preparation etc. 
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Abstract  

The contribution deals with results of research of resistance spot welding of deep drawn sheets with surface 

treatment used in automotive industry. Welded material was low carbon, high strength, deep drawn steel 

HX180BD with hot-dip galvanic layer ZnMg. There were welded two of the same plates with thickness 0.8 

mm with the same surface treatment. To obtain welding parameters area there was made optimalization 

according to EN ISO 14327. The weld joint quality was evaluated by visual testing and mechanized peel test 

according to EN ISO 14270. Spot joints welded by optimized parameters were compared with joints welded 

by parameters commonly used in automotive industry for this material. There were made durability tests of 

electrodes (according to EN ISO 8166) for optimized welding parameters and commonly used parameters. 

The comparison of worn electrodes shown, that the optimized parameters result in increased service life, but 

also to reducing the strength of resistance spot weld joints.  

Keywords: Resistance Spot Welding; Weld Joint Quality; Service Life; Surface Treatment; Deep Drawn 

Sheet  

1. INTRODUCTION  

Automotive industry is a typical sector using resistance spot welding. It is mainly used in production of car 

bodies, where spot welds are main connecting element. Present trends lead to combining of materials of 

different thicknesses, quality and surface treatment. Surface treatment is very important in terms of corrosion 

protection. Therefore is necessary that welding does not damage or delete it. Coatings based on zinc are 

used. This may leads to complications during welding. For this reason is constant development of materials 

and its coatings, as well as optimization of welding parameters.  

This paper deals with resistance welding of material HX180BD with hot-dip galvanic coating ZnMg. There 

are presented results of optimization of welding parameters according to procedure described in EN 

standards. Furthermore, there are evaluated the service live of welding electrodes. Both are compared with 

actual parameters used in company ŠKODA Auto a.s. 

2. WELDED MATERIAL 

Bake hardening steel HX180BD is soft deep-drawn steel with controlled yield strength. Chemical 

composition and base mechanical properties are in Table 1. The steel was hot dip galvanized by zinc alloy 

ZnMg (100 g/mm2). Sheet thickness was 0.8 mm. 

Table 1 Chemical composition and mechanical properties of base material 

C Si Mn P S Al Nb Ti 

0.003 0.04 0.17 0.008 0.006 0.032 0.007 0.0007 

Tensile strength Rm [MPa] Yield strength Rp0,2 [MPa] Ductility A80 [%] 

330 210 36.5 
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During resistance spot welding, in point of weld lens, is zinc layer melted earlier than base material (BM). On 

the opposite surface (at the point of contact of electrode and BM) this layer must remain undamaged. 

Compared to parameters for welding of uncoated plates, higher current and shorter time is used. Welding is 

done in so called hard mode of welding (short time, high welding current, high electrode force). Short time 

provides the shortest contact of Zn coating and contact cap. This leads to increase of service life of welding 

electrodes, [1] [4] 

3. USED EQUIPMENT 

Equipment DALEX PMS 11-4 (Fig. 1a) was used for welding. Electrode caps 39D 1978-1 (Fig. 1b) were 

used. Material of caps was CuCr1Zr according to DIN ISO 5182-A2/2. Caps were placed on the electrode 

holders DALEX 2S30. Electrode diameter was 5 mm. 

 

  

1a 1b 

 Fig. 1 Resistance welding machine DALEX PMS 11-4 (1a), electrode cap 39D 1978-1 - schema (1b) 

4. EXPERIMENT  

Optimization of welding process was made according to EN ISO 14327. Optimization is made either constant 

electrode force or constant welding time. Recommended spacing of welds is according to EN ISO 14373. 

(The distance from the plate edge to centre of weld shall not be shorter than 1.25 x d, where d is diameter of 

weld. The distance between neighboring spot welds should not be shorter than 16 x t, where t is plate 

thickness). [2] Three parameters were optimized: electrode force, welding time and welding current, 49 welds 

were performed to optimize one parameter. The overall number of testing welds was 438. [4] 

Quality of welds was verified by chisel and peel testing. The result of optimization of welding was 

construction of diagrams „suitable area of welding parameters“. [2] From these diagrams were determined 

optimized parameters. These parameters allow the production of spot welds without defects and with 

adequate diameter of weld lens. Diagram must be created from at least four “growth curves”. These curves 

must be created in four established welding times or four levels of electrode forces. [3] 

Optimized parameters were compared with real parameters used in ŠKODA Auto a.s. for the same material 

and thickness (electrode force = 26 N, welding time = 260 ms, welding current = 8 kA) in terms of electrode 
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service life. Assessment of service life of welding electrodes was made according to EN ISO 8166. The 

service life of electrodes is defined as number of welds performed before treatment (cleaning, grinding) of 

contact surface of electrodes. Electrode reaches its service time, if three consecutive welds have a diameter 

of lens shorter than 3.5t-1/2 (according to mentioned standard). The quality of performed welds is verified by 

peel and chisel testing or by metallography. Visual testing was done. Cracks, burned welds, spatters of BM, 

baked electrodes or zinc was evaluated. Indentations depth of electrodes and lens diameter was also 

evaluated. [5] 

For optimized parameters (also for taken over parameters) were performed spot welds on plates - overall 

192 welds according to EN. Another 8 welds (on separate plate) was tested by peel test. The size of weld 

lens was 3 times measured on each weld. Arithmetic average was calculated form these values. To obtain 

reference values (state of new electrode) the first 8 welds on first welded plate were evaluated. The total 

number of welds was 2600 (for optimized parameters) and 1200 for taken over parameters. Then the welds 

were evaluated as poor-quality and test of service life of electrodes was terminated. 

The surface of welded plates was before welding free of grease, without residue of corrosion, coatings, burrs 

or others defects. These defects can negatively affect the contact in the dividing plane or can require 

excessive force for clamp plates. [2] 

5. RESULTS 

The resulting diagram of welding area at a constant electrode force is on Fig. 2. Optimal welding parameters 

are: electrode force = 24 N, welding time = 240 ms, welding current = 7 kA.  
 

 

  

  

    

 Fig. 2 Diagram of welding area (WCR = welding current ratio) 
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In determining the service life of electrodes was monitored indentation depth of electrode, its contact 

diameter and diameter of weld lens. The dependence of indentation depth of electrode on its diameter is in 

Fig. 3. Indentation depth of electrode during first 50 to 100 welds dropped below 30 % of thickness of welded 

material. To stabilization occurred in 12 % of thickness of welded material (Fig. 3) which is compliant with EN 

ISO 14327. The contact diameter of electrodes increased during welding (Fig. 4). The increase of electrode 

diameter is comparable for optimized parameters and for parameters used in ŠKODA Auto a.s. (see  

Table 2). The greater number of welds the lower rate of increase in diameter of electrode. 

 

 

 

 

 Fig. 3 Dependence of indentation depth of electrode on its diameter - optimized parameters 

Macrostructures of quality welds made with used (assumed) parameters and with optimized parameters are 

in Fig. 5. Microstructure of worn electrode cap is in Fig. 6. 

Electrodes have reached its service life after welding 1800 spot welds - see Fig. 7. The limit diameter of weld 

lens for plate with thickness 0.8 mm is 3.1 mm (according to EN ISO 8166).  

 

 Fig. 4 Macrostructure of electrode caps: new (left), after reaching the service live with parameters used in 

ŠKODA Auto a.s. (middle), after reaching the service live with optimized parameters (right) 
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Table 2 Indentation depth of electrode, its contact diameter and weld lens diameter  

Parameters from ŠKODA Auto a.s. 

Number of 
sample 

8 200 400 600 800 1000 1200 

Weld lens 
diameter [mm] 

6.1 6.1 5.3 5.7 5.7 5.3 4.1 

Electrode 
diameter [mm] 

5 6 7.5 7.9 8.9 9 9.4 

Indentation depth 
of electrode [mm] 

0.44 0.43 0.12 0.26 0.21 0.22 0.20 

Optimized parameters 

Number of 
sample 

8 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 

Weld lens 
diameter [mm] 

5.
2 

5.0 4.5 4.8 4.8 4.0 4.5 3.4 4.7 3.8 3.4 4.0 2.9 3.9 

Electrode 
diameter [mm] 

5 6.8 7.4 7.9 7.98 8.3 8.8 9.0 9.1 9.1 9.2 9.6 9.6 9.8 

Indentation depth 
of electrode [mm] 

0.
37 

0.15 0.09 0.07 0.08 0.08 0.13 0.14 0.09 0.10 0.10 0.11 0.07 0.07 

 

 

 Fig. 5 Macrostructure of spot welds  

 

 

 Fig. 6 Microstructure of worn electrode cap  
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On surface of electrode cap was deposited Zn layer from welded plates (Fig. 6). With higher number of 

welds the zinc layer was peel off. Loose zinc negatively affects the weld quality. It caused inclusions in weld 

lens, spatter of BM and burn of welded materiall. 

 

 Fig. 7 Joints after peel test after reaching the service life of electrode caps for optimized parameters 

6. CONCLUSION 

Welding parameters were optimized (according to the procedure described in standard EN ISO 14327). 

Optimized parameters are lower than parameters used in practice in ŠKODA Auto a.s. This is advantageous 

in term of thermal effect, service life of electrodes and smaller deformations. On the other hand the lower 

parameters may cause a higher sensitivity to impurities and inequality on surface of welded material. This 

corresponds with real experience in automotive industry, where are used higher parameters for this type of 

weld. Both tested parameters do not cause problems with corrosion of weld joints.  

Electrode caps have higher service life using optimized welding parameters (1800 spot welds) than using 

parameters used in ŠKODA Auto a.s. (1200 spot welds). For welds performed with optimized parameters is 

lower deformation of welded plate (Fig. 5) and surface quality is better. However higher service life of 

electrodes reflected in size of spot welds. From this result the lower strength can be deducted. The smaller 

diameter of weld lens was detected but according standard it is still acceptable. Both used parameters lead 

to approximately the same growth rate of electrode diameter. Used parameters do not affected thickness of 

zinc layer diffused or baked on the electrodes.  

It can be said, based on the verification and optimization of welding parameters according EN, that the way 

of welding in ŠKODA Auto a.s. leads to quality of welded joints. Reduces service life is compensated by 

regular maintenance of electrode surface.  
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Abstract 

The paper deals with the determination of mechanical properties using mini-samples. Miniature samples 

testing techniques can be considered as non-destructive ones and very convenient for local mechanical 

properties assessment. The mechanical properties of the individual regions of welds or actual material 

properties of components in service and in all other cases with lack of material can be evaluated for 

example. One of the methods of the highest interest is small punch test (SPT). Another miniature sample 

based method is using micro tensile samples. There is currently investigated possibility of micro samples 

made of the same material volume as in the case of SPT. The micro tensile samples are loaded in the same 

mode as in the case of standard tensile tests and thus the evaluation can be done without knowledge of any 

empirical correlation as in the case of SPT. The correlation between small punch test results, micro-tensile 

test results and results of conventional tests which were used as a reference method are investigated in this 

paper. 

Keywords: fracture toughness, tensile test, Small Punch test, J-R curve, Micro-Tensile test 

1. INTRODUCTION 

There are increasing demands for the integrity assessment of important structures in the course of their 

service nowadays. A component’s residual life could be evaluated with the standard mechanical test 

techniques, such as the tensile test, uniaxial creep test, the Charpy or the fracture toughness test. Especially 

fracture mechanics has attained a great attention in establishing ultimate load limitations and assessing the 

integrity for a large number of engineering structures of multifarious types. Fracture mechanics based 

integrity assessment procedure of components requires fracture toughness properties of the materials which 

are in many cases difficult to obtain, due to lack of the experimental material. Therefore, non-destructive 

techniques are being developed as well as testing methods using mini-samples enabling conversion of the 

obtained results into conventional parameters such as tensile properties and fracture toughness parameters. 

One of the methods of the highest interest is small punch test (SPT).  

The SPT method is uses a small test disc shaped samples of usual dimensions of 8 mm diameter and 0,5 

mm thickness. The testing itself is a very simple penetration of hard ball through the tests sample while the 

force and ball displacement are measured either at room temperature or non-ambient temperature. The 

problem arises when the evaluation of the tests is to be performed. There have been proposed many 

procedures of correlation between the SPT results and other tests such as tensile tests, Charpy impact tests, 

transition temperature determination, and fracture toughness. A broad range of correlation of SPT with 

fracture toughness has been proposed in ductile region [1-7] and a few in the brittle region [3]. The 

correlations of SPT with tensile test properties are proposed for example in publications [8-15].  

The disadvantage of SPT is the way of loading, which is not uni-axial like in the case of tensile test into 

which SPT results are mostly converted. There is no direct relation between tensile test and SPT. Therefore 

conversion of a small punch tests data into tensile test terms is usually performed on the basis of established 

correlations. Considering SPT samples size, there is chance to machine mini-tensile samples from the same 

mailto:pavel.konopik@comtesfht.cz
mailto:jan.dzugan@comtesfht.cz
mailto:radek.prochazka@comtesfht.cz
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material volume and perform a real tensile test on such samples. This kind of tests would maintain minimal 

material requirements, the same loading mode of samples as in the case of standard tensile tests and at the 

same time enable direct results conversion into standard terms.  

The correlation between small punch test results, micro-tensile test results and results of conventional tests 

which were used as a reference method are investigated in this paper. 

2. EXPERIMENTAL MATERIALS 

Experimental materials were 3 steels. The first one is experimental low carbon steel, designated as EX. The 

second one is 34CrNiMo6, designated according to heat treatment as 34Cr_Quench, 34Cr_origin, 

34Cr_750C and 34Cr_450C. The third one is heat-resistant chromium steel P91. For overview of the 

materials see Table 1.  

Table 1 Investigated material 

Material Designation 
Tquenching [°C] / 

15min 

Tannealing [°C] 

/2h 
Note 

Experimental 
steel 

ES_origin ------------- --------------- basic material 

ES_500C 900 500   

34CrNiMo6 

34Cr_Quench 900 0 Quenching 

34Cr_origin ------------- --------------- basic material 

34Cr_680C 860 680   

34Cr_750C 860 750   

34Cr_450C 860 450   

P91 P91 ------------- --------------- basic material 

3. TENSILE TEST 

Tensile tests according to CSN EN ISO 6892-1 were performed at room temperature on the delivered 

materials. Round samples of diameter 5 mm and gauge length 25 mm were used (see Fig. 1). Prior to 

testing specimen dimensions were measured and an original gauge length for the elongation A5 

determination was marked on each specimen. After the test a yield stress Rp0,2 was determined as well as 

tensile strength Rm. The final gauge length was also measured after the test and elongation after fracture A5 

was evaluated as well the cross section reduction Z. At least three samples were tested for each material. 

Evaluated average material properties are summarized in Table 2. Records of the tests can be found in Fig 

2.  

Table 2 Results of tensile tests 

Material Specimen 
Rp0.2 Rm Ag A Z 

[MPa] [MPa] [%] [%] [%] 

Experimental 
steel 

ES_origin 1145.5 1252.1 2.5 14.3 70.2 

ES_500C 812.0 816.0 6.2 17.5 71.2 

34CrNiMo6 

34Cr_Quench 1219.6 1965.0 4.4 10.7 38.8 

34Cr_origin 932.0 1034.2 5.4 15.6 55.8 

34Cr_680C 726.8 844.7 10.0 20.5 61.7 

34Cr_750C 528.4 688.3 13.7 24.8 63.1 

34Cr_450C 1291.9 1373.9 3.8 13.9 45.6 

P91 P91 534.7 696.2 9.3 20.0 74.3 
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Fig. 1 Specimen for tensile test         Fig. 2 Tensile tests records   

4. FRACTURE TOUGHNESS TEST 

The fracture toughness tests were performed on three point bend specimens. The evaluation was done 

according to ASTM E 1820. Samples were machined then fatigue pre-cracked with the final stress intensity 

factor of about 20 MPa.m1/2. Test pieces were side-grooved after pre-cracking and subsequently tested. 

Tests were performed according to multiple specimen method. Crack lengths after tests were measured by 

digital image processing and fracture toughness values were determined for the materials investigated. 

There were tested at least three samples for brittle material (34Cr_Quench and 34Cr_450C). Tests were 

executed at room temperature. Results of the fracture toughness test are summarized in Table 3. Some 

results of fracture toughness tests did not fulfill requirements for size independent fracture toughness. These 

tests are denoted as JQ in results table. 

Table 3 Fracture toughness values 

Material Specimen 
JIC, JQ 

kN/m 

Experimental steel ES_500C 382.6 

34CrNiMo6 

34Cr_Quench 31.3 

34Cr_origin 189.9 

34Cr_750C 299.3 

34Cr_450C 74.5 

P91 P91 311.5 

5. SMALL PUNCH TEST  

Small punch tests were performed on servohydraulic testing system of 10kN capacity. Tests were carried out 

in testing fixture of the dimensions mentioned in Fig. 3. Displacement of the penetrating ball is measured by 

the extensometer attached to the fixture. Distinctive points from the records were determined according to 

Fig.  a). Tests were performed at room temperature. Obtained curves for all materials are shown in Fig. 4b) 

and the results are summarized in Table 4. The hf values are sample thickness after fracture in the crack 

region. 

 
Fig. 3 Small punch test fixture 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

775 

 

0

500

1000

1500

2000

2500

3000

0 0,5 1 1,5 2 2,5 3

P
u

n
ch

 F
o

rc
e 

F
 [

N
]

Punch Displacement u [mm]

34Cr_Quench_1

34Cr_Quench_2

P91_1

P91_2

ES_500C

34Cr_origin_1

34Cr_origin_2

34Cr_680C_1

34Cr_680C_2

34Cr_750C_1

34Cr_750C_2

34Cr_450C_1

34Cr_450C_2

ES_1

ES_2

 
Fig. 4 a) Scheme of distinctive points determination and b) SPT records 

Table 4 SPT results 

Material Specimen 
Fm Fe um uf hf 

N N mm mm mm 

Experimental steel 
ES_origin 2716.9 517.4 1.60 1.90 0.153 

ES_500C 1999.6 505.3 1.65 2.07 0.137 

34CrNiMo6 

34Cr_Quench 2226.2 703.8 0.81 0.63 0.438 

34Cr_origin 2437.8 454.8 1.59 1.75 0.231 

34Cr_680C 2184.8 367.5 1.66 1.97 0.196 

34Cr_750C 1836.4 282.9 1.70 2.09 0.182 

34Cr_450C 2207.3 529.0 0.96 1.00 0.397 

P91 P91 1812.5 259.0 1.64 2.09 0.157 

6. MICRO-TENSILE TEST  

Micro-tensile tests (M-TT) were performed at room temperature on the investigated materials. Deformation of 

the specimens was measured by MTS extensometer and ARAMIS. Specimen geometry, the grips for micro-

tensile test and measurement of deformation during M-TT by ARAMIS can be seen in Fig. 5. Records of the 

tests can be found in Fig. 6 a). Evaluated material properties are summarized in Table 5. M-TT results 

largely correspond to standard tensile properties. In the case of strain measurement by ARAMIS almost the 

same curves were obtained as in the case of standard tensile test, see Fig. 6b). 

    
Fig. 10 a) Specimen for M-TT, b) Grips for micro-tensile test, c) Measurement of deformation during M-TT 
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Fig. 6 a) Micro-tensile test records   b) Comparison of M-TT and standard tensile test  

Table 5 Results of M-TT 

Material Specimen 
Rp0.2 Rm Ag A Z 

[MPa] [MPa] [%] [%] [%] 

Experimental 
steel 

ES_origin 1110.4 1252.2 3.2 14.1 70.2 

34CrNiMo6 

34Cr_origin 929.0 1028.3 4.2 15.7 64.1 

34Cr_680C 710.6 851.0 7.8 22.4 69.3 

34Cr_750C 518.0 671.3 11.6 24.4 68.9 

34Cr_450C 1292.3 1375.0 3.2 12.7 42.3 

P91 P91 520.1 708.7 8.4 21.8 73.7 
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7. SPT TEST EVALUATION - FRACTURE TOUGHNESS AND TENSILE PROPERTIES  

There have been published various procedures for fracture toughness evaluation from SPT for ductile 

fracture [1-7]. In the case of the upper shelf behavior, the following relations are widely used: 

JIC = k.εf-J0           (1) 

εf = ln (h0/hf)           (2) 

where f is fracture strain, h0 initial sample thickness, hf samples thickness in the crack region k and J0 are 

empirically determined constants. The values of constants in the Eq. 1 and 2 for current materials were 

determined as k=286,5N/m and J0= -4,7kN/m, see Fig. 7 a). Though these relations were suggested for the 

upper shelf behavior, in these cases they can also be used for lower shelf behavior. Tensile properties were 

determined on the basis of comparison of ultimate tensile strength and normalized forces evaluated from 

SPT. Clearly linear trends can be found between SPT and tensile tests results, see Fig. 7 b). However, the 

same procedure led to big scatter in the case of yield stresses. Therefore, the M-TT seems to be more 

suitable for determination of tensile properties. The ultimate tensile strength can be calculated from SPT 

result using relation (3). 

y = 286,49x - 4,7049
R² = 0,9837
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Fig. 7 a) Fracture strain vs. fracture toughness   b) Tensile strength versus normalized yielding force  
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8. CONCLUSION 

Small punch tests (SPT) were investigated in order to enable evaluation of tensile tests properties and 

fracture toughness. The investigation was performed on three materials, all together 8 material states. 

Fracture toughness tests of experimental material in lower shelf as well as in the upper shelf region were 

performed together with Small Punch tests. The same relations (Eqs. 1 and 2.) on the basis of fracture strain 

f were used for upper and lower shelf behavior. Fracture toughness tests of material investigated exhibited 

very good results in comparison with fracture toughness data from standard tests. The reliability coefficient R 

was 0.9837. Parameters for linear correlation between tensile strength and normalized maximum force from 

SPT have been found. The correlation coefficient R was 0.9542. However, the same procedure led to big 

scatter in the case of yield stresses. 

Micro-Tensile test (M-TT) was second miniature testing technique investigated in this paper. The relative 

error of yield stress and tensile strength from standard tensile values are within 3 %. By using M-TT it was 

possible to evaluate the elongation after fracture A and cross section reduction Z. The elongation A 

evaluated from micro-tensile records was within 9 % error and cross section reduction Z was within 15 % 

error. The M-TT maintains minimal volume requirements of the experimental material and is an excellent test 
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for the standard tensile properties determination. The obtained curves have the same shape as in the case 

of standard tensile test.  

Both, SPT and micro tensile tests, are potentially very powerful methods in cases when limited amount of 

material is available e.g. for the residual life evaluation of in service components. If only tensile properties 

are requested, micro-tensile test is the more convenient method. 
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Abstract 

Incidence of long term operating conditions with complex influence of many factors results in a properties 

degradation of structural unit. These processes effect on all metals volume or surface only. And influencing 

for example mechanical properties or materials decrease in various range. This paper deals with materials 

degradation of tubular heat resistant steel components of the power plants pressure circuit components after 

operational exposition range from 80 000 till 190 000 hours. A lot of types of destructive and others testing 

methods and number of test for each of them were used to clarify of the extent and mechanism of the 

damage these components. Changes of material properties were by those methods evaluated in state after 

operational exposition and after heat reprocessing, always in the entire profile of the wall thickness of 

structural part. Measured values of properties were compared with the assumed properties of the non-

degraded material in origin state. The specific problem is inhomogeneity (values oscillation) by wall thickness 

and perimeter of tubular parts. Generally is possible to find, material failing to satisfy several parameters of 

standardized required mechanical properties for new products from mention steel.  

Keywords: long-term exposition, degradation of properties, destructive testing, pressure circuit 

1. INTRODUCTION 

Materials and structural units are designed with a presumption of specific lifetime. For all this time material 

should be satisfy the demands fully service requirements without danger of failure or destruction. That is why 

information, which were about actually state of the operating material and structural components after their 

service life acquired, are very important [1, 2]. 

A damage of structural materials in conditions of the pressure circuit of power is a possible divided according 

to a range of working solutions incidence. There are processes without prominent influence of solution, as 

such rising as a voluminous incidences effect of stressors on metallic material (creep, fatigue, etc.) - there is 

a possible quantitatively good [3, 4]. The second are processes with great solutions influence. These is a 

possible describe only limited, because we do not know enters data (chemical composition of working 

solution, etc.) - there are for example oxidizing or corrosion processes, hydrogen influence and their 

interactions with a mechanical strain [1, 5]. For energetic equipment is to be considered two different solution 

types - combustion products and steam water [5, 6].  

2. EXTRACTION OF TESTING MATERIAL FROM ZE STEAM POWER PLANTS EQUIPMENT 

For the evaluation of materials properties power plants components, the material from shut-down thermal 

power units was used. Components have been exposed to long-term real service loading. With service time 

between 80 and 190 thousands hours and work temperatures 480°C to 550°C. This material was liable to 

wide program of destructive testing. For testing were disposable cuts of heat-exchanging surfaces as well as 

non-heated thick-walled components. They were working in under creep conditions [7], and creep conditions 

also. Units with which this article deals were exposure in creep conditions. And were made from the steel 

15128.5 (ČSN 41 5128) [8] Equivalents for this steel are 13MoCrV6 or EN grade 1.7715. Materials 
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(components) were assessed in various states. Most of them after long- term exposure in a pressure circuit. 

Part of them was heat reprocessed aimed at refresh (at least partially) degraded properties.  

Available were cuts (tubes) of those thick-walled components (units) from pressure circuit: inlet / distribution 

super heated steam headers, outlet / collecting super heated steam headers, inlet / distribution reheated 

steam headers, outlet / collecting reheated steam headers, heat exchanging tube of steam super heaters, 

super heated steam pipeline, feed water headers, out coming economizer headers 

Cuts out from tubes, considered the thick-walled, were from the steel 15 128.5. Their dimensions in nominal 

sizes varied: full diameter (D) from 250 mm to 521 mm; wall thickness from 25 mm to 56 mm. 

A length of cutting part l = 300 - 400 mm. Consider carefully of position of test specimens with respect to 

wide origin materials (after service loading) testing - state P was necessary in each of component cuts (tube) 

or its lateral half. Practically the same volume was used for material after heat reprocessing - state T. After 

detailed documentation of dimensions the thickness of heat affected zone (arisen by autogenous cutting by 

at the tube dividing) was examined by the macroetch. HAZ is surprisingly little (only in millimeters) with 

regard to tubes thickness, see Fig. 1. Those layers (segments A, B) were separated before testing. For each 

of tube cut the cutting scheme exists (Fig. 2) and testing programs [5].  

 

       

    Fig. 1 Macroetch - heat affected zone         Fig. 2 Example of a cutting scheme 

3. TESTING EXTENT 

3.1 Mechanical testing 

Mechanical properties were monitored by following tests at shown parameters. Testing range was same for 

state P and T.  

Tensile test at room temperature according to ČSN EN ISO 6892-1 

standard with extensometer at three levels of wall thickness. 

Determined are ultimate strength, yield point, elongation and 

reduction of area. Data record is used for determination of other 

deformation parameters. Test specimens were round with 

threaded ends; diameter 10 mm and length of the reduced section 

min. 60 mm. Tensile tests at elevated temperature 600°C by ČSN 

EN ISO 10002 - 5 with same parameters and specimens. 

Notched bar impact tests at room and lowered temperatures 

according with ČSN EN ISO 10045 - 1 with KCU 3 evaluation. At 

room temperature basic properties were taken, mainly variance of 

values in connection with wall thickness level. The extraction of 

test specimens every time takes longitudinally and transversally 

also. For determination of transition temperature and transition 

 
 Fig. 3 The scheme example of test  
     specimens location, segment P    
     - HV10 measurement 
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curves results taken by testing at lower temperatures are instrumental. Seven sets by three bars longitudinal 

and transversal were evaluated. Results of those tests are next compared with values acquired on other 

specimen types (small punch test, un-normalized test specimens) hereafter phases of research (out of this 

paper range). 
 

Hardness HV 10 was measured on a lateral cut - in several (min. two) locations on a perimeter of each tube. 

By three impacts at six wall thickness levels (segment P on Fig. 3). A simplified example of test specimen 

location is showed on the Fig. 4. 

3.2 Metallography 

Metallographic analysis in longitudinal and transversal direction on a several segments was made. Always at 

all wall thickness - for state P and T. Measurement of thickness of oxide layer at all inside perimeter of a tube 

- for state P. The schedule of heat reprocessing (state T) was determines as follows: 940 - 960 °C / air 

cooling (thickness in mm = min on a temperature); following 680 °C, 15-20 min / air cooling. Selected 

standardized properties for tubes from steel 15 128.5 are shown in the Table 1. 

Table 1 Selected standardized properties for tubes from steel 15 128.5 by ČSN 41 5128 

mech.properties at 20 °C mech.properties at 600 °C 

Wall thickness (mm) till 38 up 12; D=70 -377 mm Temperature                °C 600 

min Re (MPa) 365 430 

The lowest yield point Rp 0,2 

(MPa) for tubes and 

forgings at standardized 

lowest Re (MPa) at 20°C 

315 < Re < 355 177 

Rm (MPa) 490 - 690 570 - 740 353 < Re < 430 181 

A5 (%) 18 17 

Re >430 216 KCU 3 L. (J.cm-2) 50 60 

HB (inf.) 140 - 197 163 - 223 

4. RESULTS AND DISCUSSION 

In case of thick-walled components were evident in general these degradation trends: significant drift of 

transiting temperature, heterogeneity of mechanical properties by perimeter and wall thickness, structure 

decay; degree of disintegration and bainite volume depending on a position of wall thickness; from almost 

compact bainitic blocks near outer surface to total crumbling of bainite near inner surface), creep damage 

was evaluated at intervals grade 1 - starting creep without the occurrence of incipient creep cavities to grade 

2b - advanced creep with the occurrence numerous cavities (according with VGB-TW 507) [9]. For 

documentation of some acquired results three components (tubes) with same full diameter and different 

service hours pass were chosen (see Table 2 and Fig. 4)  

Table 2 Parameters of chosen components  

Tube no. 

part 

Work. 

pressure (MPa) 

Temp. 

(°C) 

Service 

hrs. 

Creep damage 

(VGB-TW 507) 

Component (unit) Dimension 

D x t (mm) 39 P39 

T39 

205 505 190742 1 

1 

outlet / collecting reheated 

steam hanging header 

324 x 36 

40 P40 

T40 

203 480 131127 1 

1 

Inlet / distribution super 

heated steam header 

324 x 32 

43 P43 

T43 

194 550 81456 2a 

1 

outlet / collecting super-

heated steam header 

324 x 56 

From the chemical analysis results showed that the material does not deviate from the prescribed chemical 

composition and shows no a significant tendency to change composition over the wall thickness. 

Comparison prescribed and an average value of composition of each component shows Table 3. 
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Mechanical properties (for example, tube 39 and 40 in Table 4) generally have a random distribution. For 

these components, the yield strength and ultimate strength are not significantly different over the wall 

thickness. Yield strength is lower than prescribed level properties for given material (see Table 1).  

An interesting is a trend by the ratio Rm/Re, where the level of values after the 

heat reprocessing moves away with increasing number of operating hours 

from initial state values (Fig. 5). Impact toughness values vary considerably 

and for now failed to find significant relationship to operating time of 

components, or other parameters.  

Microstructure of part P39 (state P) tube was through a cross section similar 

consisting of grains of ferrite, pearlite nodules, excluded blocks of bainite and 

carbides along the grain boundaries and within grains (Fig. 6, 7). Pearlite 

nodules and bainite blocks showing signs of tempering (decay). Ferrite grain 

size is in the investigated regions quite similar and according to EN ISO 643 

was rated G = 8.5. For state T (designation T39) was detected in the 

investigated regions over the thickness, similar microstructure consisting of 

ferrite grains, pearlite nodules and carbides excluded inside and along grain 

boundary (Fig. 8). Other parameters are similar as in the original state. On 

the inner surface of all components was observed an uneven oxide layer with 

a thickness of 30 to 320 um (Fig. 9). 

Table 3 Chemical composition in wt. % (melt analysis) 

Element C Mn Si Cr Mo V Al P S 

standardized by 

ČSN 415128 

0.10 till 

0.18 
0.45 till 

0.70 

0.15 till 

0.40 

0.50 

till 

0.75 

0.40 till 

0.60 

0.22 till 

0.35 

max. 0.025 

(over. 500°C) 

max. 

0.040 

max. 

0.040 

Average 39 0.14 0.63 0.34 0.52 0.46 0.29 0.031 0.011 0.019 

Average 40 0.12 0.62 0.29 0.56 0.39 0.31 0.007 0.014 0.026 

Average 43 0.13 0.56 0.28 0.53 0.47 0.30 0.011 0.009 0.035 

Table 4 Overview of the mechanical properties of selected tubes 

Part of tube P39 T39 P43 T43 

Test. temp. 20°C 600°C 20°C 600°C 20°C 600°C 20°C 600°C 

Rp0,2 (MPa) 336-351 225-230 424-442 255-281 325-344 168-195 397-424 279-291 

Rm (MPa) 551-559 276-289 558-565 344-364 503-512 213-257 596-619 357-391 

A5 (%) 26-28 22-25 28-30 17-25 27-29 27-28 26-28 22-24 

KCU3 L (J.cm-2) 176-240  167-201  130-234  50-140  

KCU3 T (J.cm-2) 110-137  117-131  50-100  50-110  

HV10 170-190  150-170  190-230  160-250  
 

 

 
 Fig. 4 Tubes, 40 and 43 -  

  delivered state 

4

0 

4

3 
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 Fig. 5 Rm / Re ratio for tubes 39 and 43 in dependence on wall thickness levels 

   

 Fig. 6 Microstructure: middle  

wall thick. of part P39 

 Fig. 7 Microstructure: middle  

wall thick. of part P39 

 Fig. 8 Microstructure of part 

T39 

Microstructure was according to VGB-TW 507 standard evaluated by grade 2a - advanced creep with the 

occurrence isolated cavities (Fig. 10). Ferrite grain size in the investigated regions was rated G = 9. After 

thermal reprocessing of T43 specimen was observed microstructure through the cross-section similar and 

partially decayed. It consisted of ferrite grains, pearlite nodules and largely excluded carbides within grains 

(Fig. 11). In the area of the outer surface and in the middle of the wall thickness, were pronounced blocks of 

bainite. Ferritic grain size was G = 8. Microstructure was evaluated by grade 1 - without the occurrence of 

incipient creep cavities. This is an interesting fact confirmed in all cases, when after the operating load 

detected was damage 2a, respectively 2b. 

   
 Fig. 9 Oxide layer - inner  
       surface of tube P40 

  Fig. 10 Microstructure of part  
       P43 

  Fig. 11 Microstructure of part  
       T43 

After a heat reprocessing succeeded in partially recover the structure of material. It shows that the material 

degradation after long time of operation has not reached such a level as to cause fully irreversible damage. 
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CONCLUSION 

The evaluation of degradation processes is unfortunately hampered by lack of knowledge of the original 

properties of the cutouts test pipes. Evaluation is therefore based on assumptions and standard (at the time 

of production) properties of the tubes from steel 15 128.5 (13MoCrV6; 1.7715). 

Overall, the material in some parameters does not meet standard mechanical properties for new products 

from the given steel. This is an especially the low yield strength at ambient temperature and in some cases 

the ultimate strength. This state is modified by the regime of thermal reprocessing. Chemical composition 

does not vary with the requirements for given steel. From the viewpoint of creep damage, creep symptoms 

appear here in a wide range - from beginning to advance. A specific problem is the inhomogeneity (values 

fluctuating) of properties through the thickness and circumference of the pipes. Here we must carefully 

consider whether the differences are determined by the influence of exploitation, or original material 

inhomogeneity. Production of seamless pipes has its specifics and similar structural (and subsequently 

others). Differences in these products often appear, even though the material otherwise comply with the 

required (attested) properties. This effect was subsequently solved by controlled sampling and comparative 

tests using small samples (out of scope this article). Research is in this phase of the fundamental purposes 

of testing volume (systematic data collection) in the order of several hundred specimens of each type, in 

particular mechanical tests of several dozen points of supply. 

The newly acquired knowledge, respectively their analysis, only confirmed the considerable diversity of 

method combined thermo-mechanical stress corrosion of components evolving from a number of factors. 

Individual components are in fact exposed during operation, except the prescribed manner of loading 

(temperature, pressure, etc.), also various step changes, whether planned outages, both in unexpected 

outages and emergency situations. Also, during normal operation, it may not always be prescribed 

conditions met. Undoubtedly play role variables, which closely are related to the flow media (water, steam), 

part geometry, etc.  

In the current status research fills requirements and clearly defends the volume of performed testing. 

Successfully are developed methodologies of assessment long-term degradation of energetic components 

from alloyed steel. This methodology which should result in the ability to safe determines the remaining 

service life of those products. 
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Abstract 

The production of electric energy and heat belongs to the important branch of industry production  

in Czech Republic and worldwide as well. Nowadays, coal power plants are still considered as to important 

sources energy even though exist nuclear plants and further alternative sources. Different temperatures  

of single plants components need use of different types of heat-resisting materials, which need to be welded. 

During the welding there are generated heterogeneous weld connections, which need much more attention 

than the connection of two identical materials. Within these connections from various structural phases, 

which are caused by properties of one or another basic material. One of suggested connection types, used 

with new thermal power plants, is heterogeneous weld connection of steel P92 (X10CrWMoVNb9-2)  

with steel 1.4918 (X6CrNiMo17-13-2), this means weld connection of austenitic steel and martensitic steel. 

Keywords: Weld joint, P92, X10CrWMoVNb9-2, 1.4918, X6CrNiMo17-13-2 

1. INTRODUCTION 

Some of the proposed types weld joints, which are usually used on new heat power stations, are 

heterogeneous weld joints steel P92 (X10CrWMoVNb9-2) with steel 1.4918 (X6CrNiMo17-13-2), then weld 

joints austenitic with martensitic steels. To main requisite feature belongs heat resistant weld joints, which 

can be in principle effected suit welding, especially in heat effected zones (HAZ). In these regions then is 

able to happen to failure weld joints at straining at running arrangement. 

The quality of weld is strongly dependent on the chemical composition of steels grades used and phases 

present in them. The welding process alone and subsequent cooling have also the substantial influence. 

Phase transitions, mainly in low temperature region [1, 2], connected with change  

of thermophysical and kinetic behaviour of each steel and weld could play important role also. During the 

welding process diffusion of elements (interstitial and substitution) take place and redistribution of elements 

in weld and near area around weld takes place also. The important role in the redistribution of elements 

directly in the weld and in the zones near weld joint depends also on phase transformations taking place. 

Quality of weld joint could change with regime of heat stress and other factors. 

2. EXPERIMENT 

The studies were carried out on heterogenous weld joint of martenisitic P92 (X10CrWMoVNb9-2) and 

austenitic 1.4918 (X6CrNiMo17-13-2) steels. 

 Tube quality P92 - outer diameter 44,5 mm and thickness 10,0 mm.  

 Tube quality 1.4918 - outer diameter 43,0 mm and thickness 10,0 mm. 

 Undermentioned values of chemical composition basic materials (Table 1 and 2) were tested  

on concrete tubes used for experiment. 
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Table 1 Chemical composition of the P92 (X10CrWMoVNb9-2) steel [wt.%] 

C Mn Si P S Ni Cr Mo V W Al-c Nb B N 

0.124 0.50 0.19 0.021 0.0020 0.137 8.90 0.421 0.196 1.72 0.006 0.046 0.0022 0.051 

Table 2 Chemical composition of the 1.4918 (X6CrNiMo17-13-2) steel [wt.%] 

C Mn Si P S Ni Cr Mo V W Al-c Nb B N 

0.059 1.17 0.44 0.035 0.0010 12.2 16.3 2.06 - - - - - 0.0359 

On the basis effected examinations before welding can be considered, that both basic material are suitable. 

2.1 Option of filler materials and welding parameters 

Filler material for welding heterogeneous weld joint was chosen with reference to resulting characteristics 

weld joint at his practical using. Acts about wire for method 141 with mark Thermanit 617  

from firm Böhler [3]. Chemical composition is mentioned in Table 3. 

Table 3 Chemical composition of the wire Thermanit 617 Böhler [wt.%] 

C Mn Si P S Ni Cr Mo V W Al-c Nb Ti Fe 

0.05 0.10 0.10 - - bal. 21.50 9.00 - - 1.00 - 0.50 1.00 

2.2 Weld joints implementation 

Welds were joined in PA position with turning. Material P92 was preheated (mine. 220 °C) before tacking 

and own welding. At tacks, first and second run was protected with gas Argon 4.6 on the root side of the 

weld joints. At welding single runs were thoroughly checked preheating temperature and transition 

temperature. Preheating of the side of medium - alloyed steel (P92) is necessary always by using preheating 

min 200 °C for martensitic structures [4]. For welding austenitic steel (1.4918) preheating disuses, on the 

contrary is necessary take control of transition temperature. All weld joints after welding cooling  

in pack. 

2.3 Heat treatment 

Weld joints dividing is introduced in Table 4, from which is perceptible and suggested heat processing weld 

joints subsequently [5]: 

Table 4 Weld joints and heat treatment 

Test No. 

Weld joint No. 

Parent 
metal I. 

Parent 
metal II. 

Filler 
material 

Preheating 
/transition 

temperature 

[°C] 

Heat treatment 
[°C/h] 

11, 12, 
13, 14 

P92 1.4918 
Thermanit 

617 
220/260 760°C/2h 

Weld joints (tests) No. 11, 12, 13, 14 - PWHT 760 °C/2h.*, heat speed 100 °C/h., cooling 100 °C/h. to  

300 °C, after welding cooling in pack 
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2.4 Macrostructure and microstructure examination 

Weld joints were prepared for macrostructure and microstructure examination. On macrostructure photo is 

obviously evident fusion line, heat effected zone and way laying runs. Macrostructures of weld joints are 

suitable. In light of microstructure examinations single regions are perceptible, that region of weld metal is 

pouring with character duplex alloys totalled austenite and ferrite. At the same time in matrixes occur 

numerous coarse elements and on limits prime grains eliminated almost continuous layer next phase (Fig. 

1). 

 

 Fig. 1 Macrostructure of test No. 14 with microstructure of given areas 

2.5 Measurement of the line chemical composition in heat effected zone 

Measurement of continuous line analyses was performed on electron micro - analyzer EDAX Bruker. 

Chemical line analyses were tested always on the side of martensite basic material  

P92 (X10CrWMoVNb 9 - 2) in one line and on the other side of austenitic material 1.4918  

(X6CrNiMo17-13-2) in one line (Fig. 2). From these analyses is possible make diffusion study for e.g. 

chromium. 
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a)      b) 

 Fig. 2 Chemical line analyses a) 1.4918 side, b) P92 side 

3. CONCLUSION 

The paper deals with properties study of heat affected zones of heterogeneous weld joints  

of austenitic steel 1.4918 (X6CrNiMo17-13-2) and martensitic steel P92 (X10CrWMoVNb 9 - 2). The main 

contribution of the work is comprehensive study of TOO properties of heterogeneous weld joints and their 

microstructure. 

There was set macrostructure, microstructure, basic mechanical properties and measurement of micro-

hardness through HAZ zones in all monitored heterogeneous welds and their HAZ zones. Further, there was 

performed microstructure study using electron microscope. Information from image analysis and measuring 

of continuous chemical structure through HAZ zones is very valuable results in the material investigation. 
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This large set of results is contribution for use in practical applications during optimization of welding of 

heterogeneous weld connections of steel 1.4918 (X6CrNiMo17-13-2) and steel P92 (X10CrWMoVNb 9 - 2) 

with the method 141. 
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Abstract 

Operational features of highly-loaded thermally and mechanically exhaust valves are determined by high-

temperature creep resistance of valve steels, i.e. simultaneous resistance of the steels to mechanical strain 

at increased and high temperatures, as well as resistance to high temperature corrosive interaction of hot 

combustion gases. Long-term operation of the combustion valves in conditions of alternating cycles of 

thermal and mechanical stress in atmosphere of gasoline’s combustion gases, where oxygen, carbon 

dioxide and superheated steam belong to the main oxidation components, results in simultaneous corrosion 

of the steel’s surface and diffusion processes in thin surface layer of the steel, what in extreme operational 

conditions can lead to deformation of the valves, loss of tightness of combustion chamber, and damage or 

destruction of combustion engine. Investigation of an effect of alloying additions on corrosion resistance of 

the valve steels in atmosphere of combustion gases of gasoline having various contents of ethanol was 

carried out in conditions of cyclic thermal shocks, simulating operation of the combustion valves in spark 

ignition engine. The tests have shown that corrosion resistance of valve steels in combustion gases of spark 

ignition engine decreases together with growth of ethanol contents in the gasoline, and with reduction of Cr 

and Si, and particularly Ni, and with simultaneous increase of Mn contents. 

Keywords: valve steel, corrosion resistance, combustion gases, gasoline, ethanol 

1. INTRODUCTION 

Among numerous structural components of four-stroke, spark ignitron engines, exhaust valves belong to a 

few heavy loaded thermally and mechanically components operating in extremely corrosive environment of 

hot combustion gases To assure high-temperature creep resistance of highly-loaded thermally and 

mechanically, exhaust valves, i.e. high resistance of valve steels to low-, and especially high temperature 

creeping and high heat resistance in combustion gases of gasoline, where to the main oxidizing agents 

belong: oxygen from 0.3 to about 8.0 %, carbon dioxide from about 5.0 to about 12.0 % and overheated 

steam from about 3.0 to about.5.5 % [1, 2 and 3]. Valve heads of a modern bimetallic exhaust valves are 

usually produced from four grades of highly alloyed austenitic valve steels having chemical constitution as 

specified in the Table 1 [4]. 

Table 1 Chemical constitution of the valve steels used in spark ignition engines 

Grade of the steel Chemical constitution, % 

C Cr Ni Mn Si N 

X33CrNiMn N23-8 0.28-0.38 22.0-24.0 7.00-9.00 1.5-3.5 0.50-1.00 0.25-0.40 

X50CrMnNiNbN21-9 0.45-0.55 20.0-22.0 3.50-5.50 8.0-10.0 <0.45 0.40-0.60 

X53CrMnNi N20-8 0.48-0.58 20.0-23.0 3.25-4.50 8.0-10.0 <0.25 0.38-0.50 

X55CrMnNi N20-8 0.50-0.60 19.5-21.5 1.50-2.75 7.0-10.0 <0.25 0.20-0.40 
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The steels specified above comprise also <0.05 % P and <0.04 % S. 

The objective of the present work was to investigate an effect of alloying additions, especially Cr, Ni, Mn and 

Si, on corrosion resistance of highly alloyed austenitic valve steels in combustion gases of gasoline with 5, 

10 and 50 % addition of ethanol. Oxidation of the specimens was carried out at temperature 1173 K, in 

conditions of cyclic thermal shocks, simulating operation of the exhaust valves in spark ignition engine. 

Performed investigations have shown considerable effect of simultaneous increase of ethanol contents in 

gasoline and reduction of Cr, Si and Ni contents on corrosion resistance of the valve steels in combustion 

gases of spark ignition engine. 

2. OWN RESEARCH 

Investigations of an effect of alloying additions on corrosion resistance of valve steels in combustion gases of 

gasoline having various contents of ethanol were performed on a specimens in form of discs with thickness 

of about 1mm and diameter of 16 and 19mm, produced in turning operation from a drawn bars having 

diameters of 17 and 20mm respectively, from industrial heat of highly alloyed austenitic valve steels of 

X33CrNiMnN23-8 and X55CrMnNiN20-8 grades, as well as X50CrMnNiNbN21-9 and X53CrMnNiN20-8 

grades respectively, having chemical analysis presented in the Table 2: 

Table 2 Chemical constitution of the investigated valve steels 

Steel Chemical composition, % 

C Cr Ni Mn Si Mo W Nb N 

X33CrNiMnN23-8 0.35 23.40 7.82 3.30 0.63 0.11 0.02 - 0.28 

X50CrMnNiNbN21-9 0.54 19.88 3.64 7.61 0.30 - 0.86 2.05 0.44 

X53CrMnNiN20-8 0.53 20.50 4.10 10.30 0.30 0.12 - - 0.41 

X55CrMnNiN20-8 0.55 20.30 2.08 7,57 0.17 0.11 - - 0.38 

The above specified steels comprise also <0.04 % P and <0.005 % S. 

Specimens to the tests of corrosion resistance, after machining and drilling  2 holes in distance of about 

2mm from the edge, underwent operation of grinding and polishing with use of a suitable abrasive paper and 

abrasive compounds. In the next stage the specimens were washed in methanol and dried in stream of 

compressed air. After performed mechanical treatments as mentioned above, the specimens were measured 

with accuracy of up to 10-2 mm and weighted with accuracy of up to 10-4 g in air conditioned room, in the next 

step the specimens were hanged on kanthal pendants, and next, loaded in transportation “boat” the 

specimens were inserted into glass pipe of the reactor [5]. 

Oxidation of the specimens was carried out at temperature 1173 K, in conditions of successive cyclic thermal 

shocks, i.e. rapid heating of the specimens to temperature of the oxidation, keeping the specimens in the 

above mentioned temperature for 2 hours, and cooling in room temperature during 25 min. Oxidized 

specimens, during preliminary preset time intervals, i.e. every 25 hours, were taken from chamber of the 

reactor, cooled in free air to room temperature, and next cleaned from scale in stream of compressed air, 

and weighted with accuracy of up to 10-4 g. Oxidation rate of the valve steels in combustion gases of 

gasoline with 5, 10 and 50 % [v/v] addition of ethanol has been tested with use of method of cyclic 

measurement of gain or loss of mass of oxidized specimens, Δm, with respect to initial surface of the 

specimens, S [g·cm-2], and time of the oxidation, t hours, while corrosion resistance was estimated 

implementing commonly used to this purpose diagram of change of the mass of oxidized specimens in 

function of number of thermal shocks and durations of the oxidation [6 and 7]. 
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3. DISCUSSION OF THE TEST RESULTS 

Performed tests of oxidation rate of the X33CrNiMnN23-8, X50CrMnNiNbN21-9, X53CrMnNiN20-8 and 

X55CrMnNiN20-8 valve steels in combustion gases of spark ignition engine have shown that the highest 

corrosion resistance in combustion gases of gasoline with 5 % [v/v] addition of ethanol featured steel with the 

highest contents of Cr (23.40 %), Ni (7.82 %) and Si (0.63 %), and with the lowest contents of Mn (3.30 %), 

i.e. highly alloyed austenitic valve steel of the X33CrNiMnN23-8 grade, where loss of average mass of the 

specimens slightly increased to about 0.00046 g/cm2 
,
 after about 190 hours of the oxidation under above 

mentioned shock conditions (Fig. 1, curve 1). Whereas, unusually low corrosion resistance in conditions of 

cyclic thermal shocks in combustion gases of 

gasoline with 5 % [v/v] addition  

of ethanol have shown that valve steels of the 

X50CrMnNiNbN21-9, X53CrMnNiN20-8 and 

X55CrMnNiN20-8 grades with lower, comparing to 

the X33CrNiMnN23-8 steel, contents of Cr - 19.88, 

20.50 and 20.30 % respectively, Si - 0.30, 0.30 and 

0.17 % respectively, as well as Ni - 3.64, 4.10 and 

2.08 % respectively, and higher contents of  

Mn (7.61, 10.30 and 7,57 %), where the specimens, 

in contrast to the X33CrNiMnN23-8 steel, underwent 

nearly complete destruction as early as after about 

100 hours under thermal shock conditions (Fig. 1, 

curves 2, 3 and 4 respectively). 

Successive tests of corrosion resistance of the valve 

steels have shown that increase of ethanol contents 

in the gasoline from 5 to 10 % [v/v] doesn’t have any 

significant effect on the corrosion resistance of the 

steel with the highest contents of Cr, Ni and Si and 

the lowest contents of Mn, i.e. austenitic valve steel 

of X33CrNiMnN23-8 grade, where loss of average 

mass of the specimens in conditions of cyclic thermal 

shocks increased (similarly like in combustion gas of gasoline with 5 % [v/v] additive of ethanol) smoothly to 

about 0.00012 [g/cm2] after about 190 hours of the oxidation under thermal shock conditions  

(Fig. 2, curve 1’). Increase of ethanol contents in the gasoline to 10 % had extremely strong effect on 

corrosion resistance of the steel with lower contents of Cr, Ni and Si, and greater contents of Mn, i.e. highly 

alloyed valve steels of X50CrMnNiNbN21-9 grade, X53CrMnNiN20-8 grade and X55CrMnNiN20-8 grade, 

where the specimens, in contrast to the steel of X33CrNiMnN23-8 grade, underwent complete destruction as 

early as after about 50 hours of the oxidation under thermal shock conditions i.e. during time nearly ½ 

shorter than in combustion gases of gasoline having 5 % [v/v] addition of ethanol (Fig. 2, curves 2’, 3’ and 4’ 

respectively). 

Fig. 1 Oxidation rate of austenitic valve steels under 

thermal shocks conditions: 1 - X33CrNiMnN23-8 

grade, 2 - X50CrMnNiNbN21-9 grade, 3 - 

X53CrMnNiN20-8 grade and 4 - X55CrMnNiN20-8 

grade in combustion gases of gasoline with 5 % [v/v] 

addition of ethanol 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

793 

Further growth of ethanol contents in 

gasoline from 10 to 50 %, in spite of 

expectations, didn’t have any significant 

effect on a further reduction of corrosion 

resistance of the X33CrNiMnN23-8 steel, 

where loss  

of average mass of the specimens occurred 

nearly identical as in case of combustion 

gas of gasoline with  

5 and 10 % [v/v] addition of ethanol, i.e. 

smoothly at initial stage to about 0.00048 

[g·cm-2] after about  

50 hours of the oxidation under thermal 

shock conditions, and in the next stages 

more intensively to about  

0.00476 [g·cm-2] after about 190 hours (Fig. 

3, curve 1”). 

However, increase of ethanol contents to 50 

% had extremely strong effect on corrosion 

resistance of highly alloyed austenitic valve 

steels with lower contents of Cr, Ni and Si, 

and higher contents of Mn., i.e. highly 

alloyed valve steels of X50CrMnNiNbN21-9 

grade, X53CrMnNiN20-8 grade and 

X55CrMnNiN20-8 grade, where the 

specimens with thickness of about 1mm 

underwent complete destruction as early as 

after about 25 hours of the oxidation under 

thermal shock conditions, i.e. in time 

shorter with about ¾ than in case  

of combustion gases of gasoline with 5 % 

[v/v] additive of ethanol (Fig. 4, curve 2, 3 

and 4), and in time shorter with about ½ 

than in case of combustion gases of 

gasoline with 10 % [v/v] additive of ethanol  

(Fig. 4, curve 2”, 3” and 4”). 

 Fig. 3 Oxidation rate of the X33CrNiMnN23-8 valve steel 

under thermal shocks conditions in combustion gases of 

gasoline with 5, 10 and 50 % [v/v] additive of ethanol; 1, 1’ 

and 1” respectively 

 Fig. 2 Oxidation rate of valve steels under thermal shocks 

conditions: X33CrNiMnN23-8 (1 and 1’), X50CrMnNiNbN21-

9 (2 and 2’), X53CrMnNiN20-8 (3 and 3’) and 

X55CrMnNiN20-8 (4 and 4’) in combustion gases of 

gasoline with 5 % addition of ethanol: 1, 2, 3 and 4 

respectively; as well as 10 % additive of ethanol: 1’, 2’, 3’ 

and 4’ respectively 
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CONCLUSION 

The presented results of corrosion resistance of highly alloyed austenitic valve steels of the X33CrNiMnN23-

8, X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMnNiN20-8 grades in combustion gases of spark 

ignition engine shows, that under thermal shocks conditions (from 1173 [K] to room temperature) increase of 

ethanol contents in the gasoline from 5 to 10 and 50 % [v/v] does not have any important effect on corrosion 

resistance of the steel with adequately high contents of Cr (23.40 %), Ni (7.82 %) and Si (0.63 %), and with 

small contents of Mn (3.30 %), i.e. highly alloyed austenitic valve steel of the X33CrNiMnN23-8 grade, where 

average mass of the specimens oxidized in combustion gases of gasoline with 5 and 10 % [v/v] additive of 

ethanol increased smoothly with about 0.00046 and 0.00012 [g/cm2] respectively, while in combustion gases 

of gasoline with 50 % [v/v] additive of ethanol decreased with about 0.00476 [g·cm-2] after about 190 hours of 

the oxidation under thermal shock conditions (Fig. 5, Point 1, 1’ and 1”). The investigations also show that 

reduction of Cr contents in valve steels from 23.40 % to about 20.23 %, i.e. with about 15 % on the average, 

and Ni contents from 7.82 % to about 3.27 %, and Si contents from 0.63 % with about 0.26 %, i.e. with about 

60 % on the average, and increase of Mn contents from 3.30 % to about 8.49 %, i.e. with about 150 % on 

the average, have extremely strong effect on reduction of corrosion resistance of valve steels of the 

X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMnNiN20-8 grades in combustion gases of gasoline with 

5, 10 and 50 % [v/v] additive of ethanol, where the specimens, as distinguished from the X33CrNiMnN23-8 

steel, underwent nearly complete destruction after about 100, 50 and 25 hours of the oxidation under thermal 

shocks conditions (Fig. 5, Points 2, 3, 4; and 2’, 3’, 4’ and 2”, 3”, 4” respectively). 

 Fig. 5 Corrosion resistance of highly alloyed 

austenitic valve steel under thermal shocks 

conditions of the X33CrNiMnN23-8 grade (1, 

1’ and 1”) and valve steels with reduced 

contents of Cr, Ni and Si, and with increased 

contents of Mn, i.e. X50CrMnNiNbN21-9 

grade (2, 2’ and 2”), X53CrMnNiN20-8 grade 

(3, 3’ and 3”) and X55CrMnNiN20-8 grade (4, 

4’ and 4”) in combustion gases of gasoline 

with 5 % [v/v] ethanol additive (1, 2, 3 and 4 

respectively), with 10 % [v/v] additive of 

ethanol (1’, 2’, 3’ and 4’ respectively), with 50 

% [v/v] additive of ethanol (1”, 2”, 3” and 4” 

respectively) 

 Fig. 4 Oxidation rate of highly alloyed austenitic 

valve steels of the X50CrMnNiNbN21-9 grade (2, 2’ 

and 2”), X53CrMnNiN20-8 grade (3, 3’ and 3”) and 

X55CrMnNiN20-8 grade (4, 4’ and 4”) under 

thermal shocks conditions in combustion gases of 

gasoline with 5 % [v/v] additive of ethanol (1, 2, 3 

and 4 respectively), in combustion gases of 

gasoline with 10 % [v/v] additive of ethanol (1’, 2’, 

3’ and 4’ respectively), and in combustion gases of 

gasoline with 50 % [v/v] additive of ethanol (1”, 2”, 

3” and 4” respectively) 
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Abstract 

The work presents research results of the influence of thermo-mechanical treatment via forging on 

microstructure and mechanical properties of newly elaborated microalloyed steel containing of 0.31 %C, 1.45 

%Mn, 0.033 %Ti, 0.008 %V and 0.003 %B. Conditions of forging with the method of thermo-mechanical 

treatment were developed basing on the analysis of precipitation kinetics of MX interstitial phases in a solid 

solution, plastometric examinations and investigations of the kinetics of supercooled austenite phase 

transformations. Applied thermo-mechanical treatment allows obtaining fine-grained microstructure of 

austenite during hot-working and production of forged parts, which acquire advantageous set of mechanical 

properties and guaranteed crack resistance after controlled cooling from finishing plastic deformation 

temperature and successive tempering. Forgings produced with the method of thermo-mechanical treatment, 

consecutively subjected to tempering in the temperature range from 550 to 650°C, reveal the values of YS0.2 

equal from 954 to 878 MPa, UTS from 1040 to 939 MPa, KV -40 from 50 to 69 J and hardness ranging from 

330 to 300 HB. 

Keywords: microalloyed steels, thermo-mechanical treatment, forged elements, mechanical properties, 

cracking resistance 

1. INTRODUCTION 

Thermo-mechanical processing is an energy-saving technology used for production of rolled and forged 

products, integrating hot-working with heat treatment, usually hardening. Production of machine parts from 

forgings requires application of machining methods. It reduces possibility of production of high-strength 

forged parts from alloy constructional steels which due to considerable content of carbon and alloying 

elements increasing hardenability are difficult to be machined mechanically, quenched and tempered, by 

reason of relatively high hardness. Microalloyed constructional steels consisting of about 0.3 %C and 1.5 

%Mn and microadditions of Nb, Ti, V and N in an amount of 0.1 % and B in an amount up to 0.005 % have 

good machining properties in this state. Metallic microadditions in the appropriately adjusted temperature 

range of plastic working form with nitrogen and carbon dispersive particles of MX interstitial phases with 

NaCl cubic lattice, reducing grain growth of statically, dynamically or metadynamically recrystallized 

austenite. Fine-grained recrystallized austenite undergoes transformation into fine-acicular martensite during 

hardening of products in properly selected temperature of plastic working finish, making a significant 

contribution to the strengthening of products and improvement of their crack resistance, also in the state 

after high-temperature tempering [1-5]. Fine-grained steels are characterized with decreased hardenability 

and for this reason they can be used for machine parts with relatively small cross-section. Hardenability of 

such steels can be improved through introduction of boron microaddition, which impact is effective only in a 

dissolved state in solid solution. The desired effect can be achieved solely in case of steels with high 

metallurgical purity, considering that this element, due to its high chemical affinity for oxygen and nitrogen, 

forms B2O3 oxide in liquid metal transiting into slag and bonds in a stable BN nitride in solid state [6,7]. 

Although BN nitride dissolves in solid solution, it requires application of high austenitizing temperatures; such 

temperatures also lead to dissolution of AlN and dissolution of the part of MX phases of microadditions 

introduced into steel. It’s usually the cause of disadvantageous grain growth and deterioration of ductility. 

mailto:marek.opiela@polsl.pl
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Conditions for the production of unalloyed and alloy steel forgings are selected taking into account the 

durability of forging tools. This principle also applies in case of production of microalloyed steel forgings with 

the method of controlled forging and thermo-mechanical treatment. However, in this case the conditions for 

charge heating should be adjusted to the stability of MX interstitial phases of microadditions introduced into 

steel, without admission to austenite grain growth. High rate of plastic working during forging, also on 

presses, and short intervals between successive impacts of a hammer, do not create favourable conditions 

for the course of static recrystallization of austenite and grain refinement of this phase. Therefore, steels 

assigned for forgings consist usually of few microadditions, including Ti which forms TiN and TiC phases with 

highest stability and Nb or V and N, which NbC and VN phases, precipitating in austenite in the vicinity of 

plastic working finish temperature, effectively reduce grain growth of  phase after static recrystallization is 

finished. Exclusive introduction of Ti in concentration exceeding the optimum is disadvantageous for the 

reason that initially precipitating TiN and TiC dispersive particles undergo coagulation at high temperature 

and demonstrate susceptibility to cracking under dynamic loads [8]. 

2. EXPERIMENTAL PROCEDURE 

The research was performed on new elaborated microalloyed steel. Chemical composition of steel (Table 1) 

was designed taking into consideration the production of forged machine elements with energy-saving 

method of thermo-mechanical processing. 

Table 1 Chemical composition of the investigated steel (mass contents, %) 

Steel designation C Mn Si P S Cr Ni Mo 

 0.31 1.45 0.30 0.006 0.004 0.26 0.11 0.22 

31MnTiB Nb Ti V B Cu Al N O 

 − 0.033 0.008 0.003 0.20 0.040 0.0043 0.0006 

Investigated steel melts, weighing 100kg, were done in VSG-100 type laboratory vacuum induction furnace, 

produced by PVA TePla AG. Furnace charge consisted of ARMCO, 04JA grade iron and alloy additions, 

mainly in the form of pure metals (Mn, Cr, Ni, Mo, Cu, Ti and Al) and ferroalloys (FeV, FeNb and FeB) as 

well as non-metallic additions (C and Si). In order to modify non-metallic inclusions, mischmetal (~50 %Ce, 

~20 %La, ~20 %Nd) in the amount of 2g/1kg of steel was used. Casting was performed in atmosphere of 

argon through heated intermediate ladle to quadratic section cast iron hot-topped ingot mould: top - 

160/bottom - 140 mm x 640 mm. In order to obtain 32x160 mm flat bars, initial hot plastic working of ingots 

was performed implementing the method of open die forging in high-speed hydraulic press, produced by 

Kawazoe, applying 300MN of force.  

Conditions of hot processing and cooling after its finish, allowing to obtain desired mechanical properties of 

forgings, were selected taking into consideration: 

 analyses of the kinetics of MX-type interstitial phases precipitation in a solid state [9], 

 research of the influence of austenitizing temperature on  phase grain size [10], 

 investigation of the process of hot-working of steel with the method of continuous compression of 

specimens at the rate of 1, 10 and 50 s-1 in a temperature range from 1100 to 900°C [11], 

 examination of the kinetics of strain hardening (recrystallization) softening of plastically deformed 

austenite in mentioned conditions [12], 

 research of the kinetics of phase transformations of supercooled austenite [13]. 

Obtained research results were used to develop two variants of forging with the method of thermo-

mechanical treatment of flat bars with 160x32 mm cross section into 14 mm thick flat bars, in the 

temperature range of 1100 to 900°C at the strain rate equal 3 s-1, applying 50 % of draft. The charge for 

forging was heated up to 1150°C and held at the temperature for 45 minutes. In the first variant, segments of 
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flat bars were hardened in water directly from the temperature of forging finish. While in the second variant, 

flat bars were isothermally held at the temperature of 900°C for 10, 30 and 100 s after forging finish and prior 

to hardening in water. Directly after quenching, obtained flat bars sections were subjected to tempering at 

the temperature of 550 and 650°C for 1 h. Moreover, in order to compare the microstructure and mechanical 

properties of flat bars produced with the method of thermo-mechanical treatment, selected segments of flat 

bars were air-cooled after forging finish and successively subjected to conventional heat treatment, i.e. 

quenching in water from the austenitizing temperature proper for the steel, i.e. 900°C and tempering in the 

same conditions as the segments of flat bars obtained in both variants of thermo-mechanical treatment 

(variant III). 

Metallographic investigations of specimens hardened after plastic deformation under mentioned conditions 

were done in Leica MEF 4A light microscope. With the aim to reveal grain boundaries of prior austenite, 

etching in saturated water solution of picric acid with addition of CuCl2 at the temperature of 60°C was 

applied. The measurement of prior austenite grain size was performed with the use of Leica Qwin software. 

Morphological details of structural constituents of the steel were carried out in ZEISS - SUPRA 35 high-

resolution scanning electron microscope, applying the accelerating voltage equal 20kV and magnification in 

a range from 100 to 15000x. Hardness measurements were performed with the use of Brinell method. 

In order to investigate the influence of implemented thermo-mechanical treatment and in particular the 

conditions of isothermal holding of forged flat bars on mechanical properties, static tensile test was carried 

out. The study was conducted on INSTRON 1115 universal testing machine. The tests were performed on 

samples with a diameter of 8 mm and a gauge length of 40 mm. Impact testing at room temperature and at -

40°C was carried out on the Charpy pendulum machine with initial energy of 300 J, using V-notch specimens 

with cross-section of 8x10 mm. At least 3 samples taken from flat bars produced applying each treatment 

variant were used with the aim to test mechanical properties and crack resistance. 

3. RESULTS AND DISCUSSION 

Metallographic studies of specimens taken from flat bars obtained using the II variant of thermo-mechanical 

treatment revealed that investigated steel is characterized with fine-grained microstructure of primary 

austenite. Such microstructure was obtained as a result of isothermal holding of forgings for the time 

assuring the smallest size of recrystallized austenite grains. The time at the temperature of 900°C is equal 

30 s and a mean diameter of austenite grains is equal about 12 m (Fig. 1a). The microstructure of fine-

acicular martensite obtained under such conditions is presented in Fig. 1b. 

Conducted research of the influence of applied variant of processing as well as tempering temperature on 

the hardness of 31MnTiB steel flat bars revealed that the highest hardness - 330 HB - is demonstrated by 

forging formed according to the II variant of thermo-mechanical treatment with application of isothermal 

holding at the temperature of forging finish for 30 s prior to water hardening, then subjected to tempering at 

the temperature of 550°C. Increase of tempering temperature of the flat bar segment formed under such 

conditions up to 650°C results in a mild decrease of hardness to about 320 HB. The lowest hardness was 

revealed in case of segments of flat bars cooled in open-air from the temperature of forging finish. The 

hardness of flat bars obtained in such conditions after tempering in the temperature range from 550 to 650°C 

changes from 300 to 270 HB. 
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 Fig. 1 Microstructure of prior austenite (a) and lath martensite (b) of steel hardened in water directly from the 

temperature of forging finish (900°C), after isothermal holding at the temperature for 30 s; II variant of 

thermo-mechanical treatment 

Microstructure of investigated steel, both in hardened and tempered condition, has a major influence on 

mechanical properties of flat bars segments produced in both variants of thermo-mechanical treatment, 

subjected successively to tempering at the temperature of 550 and 650°C. This applies to YS0.2 yield 

strength, UTS strength, TEI elongation and RA necking set in the static tensile test at room temperature, as 

well as to the impact energy of Charpy V samples at room temperature (KV) and at -40°C (KV-40).  

Conducted research revealed that the segment of the flat bar made from 31MnTiB steel, obtained in the first 

variant of thermo-mechanical treatment applying direct water hardening after forging finish at the 

temperature of 900°C, demonstrates the value of YS0.2 equal about 954 MPa, UTS strength of about 1040 

MPa, TEI elongation of around 14 %, RA necking of approximately 55 % and KV and KV-40 impact energy of 

66 and 50 J, respectively (Fig. 2). Increase of tempering temperature up to 650°C results in mild decrease of 

mechanical properties and improvement of ductility of steel. 

Enhanced set of mechanical properties in tempered state under examined conditions was noted for forgings 

produced according to the second variant of thermo-mechanical processing using isothermal holding at the 

temperature of forging finish for 10, 30 and 100 s prior to quenching in water. Partial recrystallization of 

plastically deformed austenite speaks that segments of flat bars formed in such conditions show, after 

tempering in the studied temperature range, mechanical properties comparable with the properties of those 

produced in the first variant of thermo-mechanical treatment, but significantly higher crack resistance. As per 

example, KV and KV-40 impact energy of specimens taken from the segment of the flat bar obtained 

according to the second variant of thermo-mechanical treatment with the use of isothermal holding for 30 s at 

the temperature of 900°C prior to quenching in water, after tempering at the temperature of 550°C is equal 

82 and 60 J, respectively, and after tempering at the temperature of 650°C - 93 and 69 J, respectively, 

whereas the value of YS0.2 in this range of tempering temperature decreases from 993 to 925 MPa. 

Studies carried out to compare the impact of conventional heat treatment (variant III) on mechanical 

properties of samples taken from the section flat bar cooled in the open air from the temperature of forging 

finish and successively tempered in the same conditions as flat bar sections, formed according to the first 

and the second variant of thermo-mechanical processing, revealed that the steel in this state demonstrates 

slightly decreased mechanical properties and significantly reduced crack resistance (Fig. 2). 
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 Fig. 2 Influence of applied variant of treatment and tempering temperature on mechanical properties and 

impact energy of 31MnTiB steel samples 

CONCLUSIONS 

Performed investigations showed that thermo-mechanical treatment conducted under conditions that ensure 

production of fine-grained microstructure of austenite before quenching and subsequent tempering gives 

studied steel better set of mechanical properties and, in particular, considerably greater resistance to 

cracking as compared with the state after open air cooling from the temperature of plastic working finish. The 

greatest set of mechanical properties and crack resistance was obtained for forging formed according to the 

II variant of thermo-mechanical treatment with the use of isothermal holding at the temperature of forging 

finish for 30 s prior to water quenching. Section of the flat bar obtained in such conditions reveals the 

following properties after tempering in the temperature range from 550 to 650°C: YS0.2 from 993 to 925 MPa, 
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UTS from 1061 to 978 MPa, TEl from 13,4 to 14,6 %, RA from 53,7 to 60 %, KV from 82 to 93 J and KV-40 

from 60 to 69 J. 

Obtained hardness values for examined steel in hardened state after thermo-mechanical treatment and 

successive high-temperature tempering should not cause difficulties in the process of mechanical treatment 

of forged parts. 

Executed analyses of mechanical properties, crack resistance and hardness in quenched and tempered 

state full usability of elaborated microalloyed steel for production of forged machine parts with high strength 

and crack resistance, also in decreased temperature with the method of thermo-mechanical treatment 

revealed. 
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Abstract 

In this study, the effect of carbon and silicon alloying elements with different weight per cent on mechanical 

properties and microstructural appearances in nodular cast iron alloys was investigated. The nodular cast 

iron ingot and scrap materials were charged into the induction furnace and when the temperature was risen 

to 1510 oC, the spheroidizing and inoculation processes were applied to molten metal. Having completed 

pouring of the molten metal into patterns by means of Furan method, the solidification was occurred in room 

temperature. Two groups of specimens were obtained containing 3.65 wt. % C, 2.30 wt. % Si and 3.25 wt. % 

C, 3.65 wt. % Si. The microstructure of specimens were investigated and uni-axial tensile test and the 

Charpy impact test were performed and their micro-hardness measurements were done in order to 

characterize the mechanical behaviours of nodular cast iron alloys having different alloying elements. 

Keywords: Nodular cast iron, alloying element, tensile test 

1. INTRODUCTION  

Spheroidal graphite cast iron is dispersed in the form of spheres of graphite particles in ferritic-pearlitic 

matrix. Presence of spherical rather than lamellar graphite structure, as distinct from grey cast iron material 

gives high ductility and strength [1-3]. Spherical graphite cast iron exhibit a wide range of mechanical 

properties depending on the shape and chemical composition, microstructure and the distribution of matrix 

graphite spheres [4]. Studies of the samples to spheroidal graphite cast iron material were examined and the 

number of spheres is increased by increasing the carbon content of the material. It changes from 2.11 wt. % 

C to 3.97 wt. % C while the volume fraction of spherical graphite changes from 384 spheres/ mm2 to 725 

spheres /mm2. Erosive wear test was applied to these samples. Erosive wear rate, such as soft ferrite matrix 

does not change with the increase in the number of spheres, lower bainite and martensite showed that the 

wear-hard matrix structures [5]. The amount of carbon and silicon-carbon affects equivalence of spheroidal 

graphite cast iron, and then it also plays an important role in the carbon segregation and graphitization 

values of carbon equivalence (CE = C + 1/4 % Si + 1/2 % P), greater than 4.3 promotes the growth of 

graphite and formation of spheres [4]. In case of carbon equivalent to 4.6 which is larger than the 

compositions and 2.54 cm from the thicker sections, it is expected to swim the upper part of the graphite 

spheres casting floats to the surface (flotation) and  to cause for carbon segregation. When silicon alloying 

elements than the liquid metal is added at the end of the process as ferrosilicon (inoculation), graphite is 

more effective in the control of number of spherical graphite. 

2. EXPERIMENTAL STUDIES  

In this study, a medium frequency induction furnace was used to produce spheroidal graphite cast iron with a 

capacity of 1800 kg. The induction furnace was charged with 800 kg ductile iron, 650 kg steel scrap and  

350 kg of scrap materials as given in Table 1. 
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Table1 The chemical composition of ductile cast iron and steel scrap 

Sample %C %Si %Mn %S %P %Cu %Ni %Cr %Al %Mg 

Ductile cast 

iron 
4.15 0.85 0.06 0.012 0.042 - - - - - 

Steel scrap 0.10 0.19 0.66 0.008 0.022 0.28 0.092 0.050 0.002 0.002 

Spheroidizing and inoculation have been made of molten metal in 1500 oC as shown in Table 2. 

Spheroidizing process was carried out in sandwich-type crucible; grafting procedure was carried out in the 

casting ladle. For spheroidizing process, spherodizing and inoculation materials were used as 1 wt % and 

0.3 wt %, respectively. 

Table 2 The chemical composition of materials 

Material % Si % Al % Mg % Ba % Ca Particle Size, mm 

Inoculant (FeSi75) 65-75 0.5-1.5 - 2-3 1-2 0.6-3 

Spheroidizer 42-48 1 6-7 - 0.8-1.2 1-10 

The smelted liquid metal was poured into the Y-Block sand molds at 1350-1370 oC temperatures and 

allowed to cool to room temperature. Square cross-sectional specimens were cut from Y-Block sand cast 

materials and then the cylindrical samples were prepared from them. Two different type nodular cast iron 

materials were casted according to given composition as shown in Table 3. 

Table 3 The chemical composition of casted nodular cast iron samples 

Material C Si Mn P S Cr Ni Cu Mg Carbon equivalent 

KGDD 1 3,66 2,38 0,325 0,027 0.013 0,050 0,033 0.107 0,039 4.27 

KGDD 2 3,34 3,72 0,27 0,020 0,010 0,042 0,045 0,092 0,041 4.28 

3. RESULTS AND DISCUSSION 

In this study, the tensile test specimens prepared in accordance with the standards from spheroidal graphite 

cast iron materials, which have different ratios of carbon and silicon alloying element to determine the 

mechanical properties of samples. Tensile tests were made on a single axis, at a constant speed and at a 

constant temperature until the material breaks. Tensile and yield strength of materials have been identified. 

At the same time elongations of samples were also recorded. The results of all samples were shown in Fig. 

1. 

 

 Fig. 1 Tensile test results of nodular cast iron specimens 
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From the tensile test results, an increment in yield and maximum tensile strength as 54 MPa and 32 MPa, 

respectively was observed in the sample containing 3.34 wt % C and3.72 wt % Si. However, a significant 

reduction has been observed in per cent elongation proving the decrease in toughness. In iron casting 

samples containing 3.66 wt % C and 2.38 wt % Si element is seen as the optimum alloying element value for 

the yield strength and tensile strength. As shown in Fig. 2, according to the results of the hardness test the 

sample containing 3.34 wt % C and 3.72 wt % Si, HBN hardness is greater than that of the other alloy’s. 

 

       Fig. 2 Hardness results of samples    Fig. 3 Impact test results of samples 

As shown in Fig. 3, notch impact test was applied to the samples at different temperatures. In between 60°C 

and -30°C temperatures, both samples’ breaking energies has not been much change. However, the 

temperature of 0 °C fracture energies of the samples is increased. Fracture energy of element of the sample 

containing 3.72 % C and 3.34 % Si was observed to be better. In general, it can be said that the fracture 

energies for each sample by looking at the work areas are generally between 0°C to +60 °C to determine. 

   

  
 Fig. 4 a) The microstructure of nodular cast iron sample KGDD 1 (x200), b) Phase fractions of KGDD 1 

sample, c) The microstructure of nodular cast iron sample KGDD 2 (x200), d) Phase fractions of KGDD 2 
sample 
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As can be seen from Fig. 4, in general, depending on the content of the alloying element carbon and silicon, 

respectively, samples of different phase structure of ferrite, pearlite and ferrite phases completely in the 

image of the microstructure obtained from bovine eye type. In this study, the obtained from the 3.66 % C - 

2.38 % of the samples that contain Si alloying elements were found as 420küre/mm2. Containing 3.72 % C-

3.34 % Si alloy element in the sample number of spheres per unit area is observed that 391 sphere/mm2. 

Looking at the results both on sphere volume fraction of graphite in the sample rates are close to each other, 

but sample containing 3.66 % C - 2.38 % Si volume fraction of 34 % pearlitic matrix and graphite observed 

as 13 %, ın the sample containing 3.34 % C - 3.72 % Si, pearlitic matrix is not considered at all. It is 

observed that 86 % of the ferrite phase structure of the sample and graphite volume ratio is 14 %. 

 

 Fig. 5 Amount of phases observed in nodular cast iron samples 

CONCLUSION 

This study shows that microstructure has been found to occur of ferrite, pearlite and graphite globes, when 

the scope of work spheroidal graphite cast iron castings is analysed. In conditions of spilled Samples volume 

fraction of ferrite increases with increasing;% C and Si content. In general, with increasing of the amount of 

pearlite in the internal structure of spheroidal graphite cast iron materials, the hardness values are 

increasing. This is the material that contains the pearlitic / ferritic structure 3.66 % C - 2.38 % Si alloy. In 

addition, the increasing the number of spheroidal graphite cast irons sphere reduced the mechanical 

strength of the material. According to the results obtained from the fracture energy, determination of 

spheroidal graphite cast iron material usage is recommended that at least at room temperature. 
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Abstract 

The project MPO FR - TI3/458 "Material solutions for industrial equipment working with ultra-preheated 

steam", the assessment and prediction of long-term durability of heterogeneous and homogeneous welded 

joints selected materials that can be used for heat exchange surface superheaters and reheaters newly built 

or refurbished power plant boilers and the acquisition of detailed and reliable information, especially about 

their behavior during long-term operation.  

In the first stage, it was necessary to make the determination and optimization of automatic welding 

processes (welding parameters and thermal regime during welding - preheating temperature, interpass, 

postheating) and subsequent heat treatment after welding. In addition, it was necessary to obtain information 

on the properties and behavior of the short-term tests of welds in the qualifications (WPQR) according to EN 

15614-1. The results of these tests in relation to the heat treatment are the subject of the following 

presentation. 

Long-term corrosion and creep tests are currently underway. Their results, therefore, not included in this 

presentation. 

Examined heterogeneous and homogeneous Weld joints are martensitic material P92 and austenitic 

materials HR3C, Super 304H and Tp347HFG. 

Keywords: welding, heat treatment, austenitic steels, heterogeneous joints, homogeneous joints 

1. INTRODUCTION 

Efforts to increase the efficiency of thermal power stations, which is the function of temperature and 

pressure, logically leads to the research of new materials which have to withstand the required temperatures 

and operating environment for long periods. This applies particularly to supercritical or ultracritical boilers, 

where the pressure of superheated steam at critical boiler spots (superheater and reheater) exceeds 25 MPa 

and its temperature can achieve values of 600-700 °C. Corrosive environment on the flue gas part is given 

by use of coal from a concrete area of mining and is therefore specific. 

The subject of the project of the Ministry of Industry and Trade FR - TI3/458 "Material design for industrial 

equipment operating with ultra superheated steam", is to assess and predict long-term durability of 

heterogeneous and homogeneous weld joints of selected materials that can be used in the parts of newly 

built or refurbished power plant boilers and to obtain detailed and especially reliable information about their 

behaviour during long-term operation. 

To be able to accomplish this, it is first necessary to make quality weld joints including heat treatment and to 

ensure repeatability for the needs of production of test pieces for subsequent corrosion and creep tests. 

Therefore, it was necessary to obtain information on the properties and behaviour of welds in short-term 

tests within the qualifications (WPQR) according to ČSN EN 15614-1. The results of these tests in relation to 

the heat treatment, or respectively without heat treatment, are the main subject-matter of this article.  

mailto:lukas.pomikalek@vitkovice.cz
mailto:sarka.hermanova@vitkovice.cz
mailto:lenka.dobrovodska@vitkovice.cz
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2. MATERIALS 

As revealed by the Research of expert literature existing on the topic, which was prepared by Ing. Šárka 

Hermanová, drawing from [1], [2], [3], [4], [5], [6], [7], the above nodes are executed especially with Super 

304H, Tp347HFG and HR3C materials with austenitic structure. The material P92 (martensitic structure) is 

used as the nozzle of chambers or as an intermediate piece in conjunction with these materials. Given the 

planned scope of testing, the selected size of pipes was 38 x 6.3 mm. 

Therefore, the above materials selected for verification of welding in VPE and subsequently for further study. 

There are currently ongoing long-term corrosion and creep tests, so the results are not listed here.  

Below is the basic information about the tested steels. None of these three austenitic materials is currently 

included within EN. However, they are accompanies by German data sheets [14], [15], [16], which state also 

their inclusion in the material groups according to CR ISO 15608:2000, and the group 8.1 (Super 304H) and 

8.2 (Tp347HFG, HR3C) - see Table 1-3. 

Table 1 Chemical composition of materials Tp347HFG, Super 304H and HR3C [wt. %] 

Table 2 Chemical compoistion of P92 materials [wt. %] 

According 
EN 10216-

2 
C Si Mn P S Cr Ni B Mo Nb Al N V W 

P92 
0.07-
0.13 

max 
0.50 

0.30-
0.60 

max 
0.020 

max 
0.010 

8.50-
9.50 

max 
0.40 

0.001-
0.006 

0.30-
0.60 

0.04-
0.09 

max 
0.040 

0.030-
0.070 

0.15- 
0.25 

1.50-
2.00 

Table 3 Mechanical values for selected materials according to WB or respectively according to EN 

Name of dimension 

Yield 
strength 

Rp0.2 
[MPa] 

Breaking 
strength 

[MPa] 

Yield strength at 
elevated 

temperature 
Rp0.2 [MPa] 

Elongation 
A 

[%] 

Impact 
energy KV 

[J] 

testing temperature [°C] 20 20 650 20 20 

HR3C ≥295 655-900 180 ≥30 85 

Super 304H ≥235 590-850 135 ≥35 85 

Tp347HFG ≥205 550-750 126 ≥35 85 

P92 ≥440 620-850 248* ≥19 40 

*) Valid for temperature of 600 °C 

The available literature was used as a source of information about the behaviour of these materials and they 

were assessed in terms of their mechanical properties, creep, corrosion resistance on both the flue gas part 

and the steam part (which is not subject to further monitoring) and microstructure. [8], [9], [10], [11], [12], 

[13], [14], [15], [16]. 

According 
VdTÜV 

WB 
C Si Mn P S Cr Ni B Cu Nb Al other 

Tp 
347HFG 

0.06-
0.10 

max 
0.75 

max 
2.00 

max 
0.040 

max 
0.030 

17.0-
20.0 

9.0 -
13.0 

- - 
8 x 
C 

- - 

Super 
304H 

0.07-
0.13 

max 
0.30 

max 
1.00 

max 
0.040 

max 
0.010 

17.0-
19.0 

7.5-
10.5 

0.001-
0.010 

2.50 - 
3.50 

0.30-
0.60 

0.003-
0.030 

N 0.05-0.12 

HR3C 
max 
0.10 

max 
1.50 

max 
2.00 

max 
0.030 

max 
0.030 

23.0-
27.0 

17.0-
23.0 

- - 
0.20-
0.60 

- N 0.15-0.35 
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It should be noted that there is relatively enough information on the properties of these steels and straight 

pipes (see, e.g., the above-mentioned literature, etc.). On the other hand, we can not obtain source literature 

for effects of welding (or the influence of other technological operations) on the properties of these new 

steels and weld joint itself. If there is such information, then it is only a summary and comparison of results of 

creep or corrosion in welds and base material, without more detailed information on the welding process and 

vice versa. 

3. THEORY OF WELDING AND HEAT TREATMENT 

Since these are modified austenitic materials, welding must be performed paying attention mainly to the 

cracking in hot, i.e. the thermal input. The main source of information for welding of these steels document of 

the Japanese company Sumitomo [11], [12], [13], which mentions not only the recommended filler metals 

and welding parameters, but also photos of welded joints and the results, such as the structure, hardness 

progress curves and results of creep tests of the welded joints. The results obtained at the end of this project 

will be compared with the above values.  

 Information, or in some cases the requirements for heat treatment (HT) after welding, can also be obtained 

from the German material sheets [14], [15], [16]. In austenitic materials that information is not completely 

congruent and that is why the project verifies corrosion properties of welds after HT and without HT. After 

welding, according to literature, homogeneous welds and welds between austenitic materials do no longer 

have to be heat treated. Solution annealing must necessarily be included only in cases of the use of 

materials in corrosive environment containing chlorine. Solution annealing is done by inserting the product in 

a heated furnace or by the fastest possible heat-up, holding time of 1 min per one mm of thickness after the 

temperature of the surface is achieved and rapid cooling in water. Rapid cooling is included for the reason of 

the fastest possible crossing of the critical temperature values, where there would be a risk of embrittlement 

of steel, while slow cooling would prolong the holding time at the temperature, which could lead to grain 

coarsening. The temperature of heat treatment after welding must be slightly lower than the final solution 

annealing performed by the manufacturer, which is indicated in the certification.  

The literature does not list the scheme for heterogeneous joint between HR3C and Super 304H respectively 

between HR3C and Tp347HFG. Therefore, HT within this work was performed according to both 

temperature values and optimum thermal scheme was subsequently chosen based on the results of 

mechanical properties. This scheme was then used for processing joints intended for connections for 

corrosion and creep tests. 

4. WELDING AND HEAT TREATMENT 

Welding method: The pipe butt joints are executed in the root layer using 141 method (GTAW respectively 

TIG) - using non-fusing electrode in a protective atmosphere of inert gas (argon) in the field of power 

engineering. Other (filler) layers, in the case of materials with thicker wall, are performed with coated 

electrode 111 (SMAW, respectively MMA). Here, due to the "small" wall thickness, the weld joint was made 

applying method, that is 141. 

Technology and welding position: In order to ensure repeatability of weld joints and to minimize the 

impact of the human factor, priority was given to automated welding technology on the Polysoude company 

devices. This is called orbital welding, where both jointed ends of the tubes are approximated and centred in 

horizontal position and do not move during welding. Welding head moves along a circle (orbit) around the 

tube and executes the weld. The number of layers was set at three. The orbital welding technology thus 

involves all welding positions, whereas the welding parameters in individual sectors (sections, positions) 

gradually change according to pre-tested and pre-programmed setting. Input heat for individual connections 

and the layers was in the range from 1100 to 1900 J/mm excluding the efficacy of the method. 
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Filler metals: The existing equipment of the Polysoude machine for orbital welding allows welding with a 

wire diameter of only 0.8 mm and a wound on an "infinite" coil (i.e., as for the method 135 - GMAW, 

respectively MAG). After the analysis of the issue and in consultation with the supplier, we decided for 

welding wires from the company BÖHLER UDDEHOLM in the following grades and denominations: 

 Thermanit 304HCu for homogeneous weld joints of steel Super 304H(According to EN ISO 14343-A: 

WZ 18 16 1 CuH; according to AWS A5.9-96: ER304HCu (mod.) 

 Thermanit 617 (or resp. UTP A 6170 Co) for other homogeneous and heterogeneous joints  

(according to EN ISO 18274: S Ni 6617 (NiCr22Co12Mo9); according to AWS A5.14-05: 

ERNiCrCoMo-1; Wr.-Nr. 2.4627) 

Table 4 Chemical composition of filler materials in wt. % based on catalogues 

 

 

 

 

 

 

 

 

Table 5 Average mechanical values of filler materials according to catalogues 

Name of dimension 
Yield strength 

Rp0.2  
[MPa] 

Tensile 
strength Rm 

[MPa] 

Elongation A 
[%] 

Impact 
energy KV 

[J] 

Thermanit 304 HCu >350 >590 >30 >60 

Thermanit 617 >450 (Rp1.0) >700 >30 >60 

UTP A 6170 Co >450 >720 >30 >120 

 

Welded combinations: A total of 14 combinations of welded joints was executed - see Table 6. 

Table 6 Executed welded joints 

Heat processing: Homogeneous and heterogeneous welded joints of austenitic steels after welding were 

subjected to solution annealing with a holding time of 15 minutes at the temperature specified in the table, 

followed by cooling in water. Subsequently, the same weld joints were executed without heat treatment. 

FM C Si Mn Cu Mo Cr Ni Ti Fe Nb Al N Co 

Thermanit 304 
HCu 

0.10 0.4 3.2 3.0 0.8 18.0 16.0 - - 0.4 - 0.2 - 

Thermanit 617 0.05 0.1 0.1 - 9.0 21.5 rest 0.5 1.0 - 1.0 - 11.0 

UTP A6170 Co 0.06 0.3 - - 8.5 22.0 rest 0.4 1.0 - 1.0 - 11.5 

Ord.

No. 

1st 

material 

2nd 

material 
Filler metals 

HT 

temper

ature 

Ord. 

No. 1st material 2nd material 
Filler 

metals 

HT 

temper

ature 

1 S 304H HR3C Thm 617 1130°C 8 HR3C P92 Thm 617 750°C 

2 S 304H HR3C Thm 617 1230°C 9 S 304H P92 Thm 617 750°C 

3 S 304H HR3C Thm 617  10 Tp347HFG Tp347HFG A 6170Co 1170°C 

4 S 304H S 304H Thm 304HCu 1130°C 11 Tp347HFG Tp347HFG A 6170Co  

5 S 304H S 304H Thm 304HCu  12 Tp347HFG HR3C A 6170Co 1170°C 

6 HR3C HR3C Thm 617 1230°C 13 Tp347HFG HR3C A 6170Co  

7 HR3C HR3C Thm 617  14 Tp347HFG P92 A 6170Co 750°C 
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Heterogeneous welded joints with P92 material must be subjected to post-weld heat treatment (PWHT) to 

the temperature indicated in the table with a longer holding time and subsequent controlled cooling. The aim 

of the performed tests of the same joints of austenitic materials with solution annealing and without the HT 

was to examine the differences in the properties without HT and with HT. These differences will be monitored 

also in creep and corrosion tests. 

5. RESULTS 

Due to the extensive range of the data obtained and the limited space for this publication, the below results 

are only verbally summarized. 

Hardness measurement: Measurement of hardness throughout the welded joints shows uniformity, but in 

some areas there are isolated peaks. Heat treatment resulted in an even more uniform hardness. All 

measured values were satisfactory both in design without HT and with HT. Heat treatment had no significant 

effect on the hardness of the welded joint. 

Impact test: The values of impact energy are generally increased after heat treatment. A small degrease 

was observed only in the homogeneous joint of Super 304H depending on specimen location in the weld (in 

the PA and PE welding position). The highest values occurred in the welded metal in the sampling area 

group marked as PE. In HAZ areas the values were significantly increased compared to the weld metal. 

Tensile test: The test specimens were ruptured in the weld joint or in base materials. Always, however, the 

measured values were higher than the required minimum value for a given combination of materials. Effect 

of HT is minimal (there was a slight decrease in tensile strength). The results of the tensile tests are 

indicative only for all these weldments (though a necessary condition for issuance of WPQR). Tested steels 

belong to a group of heat-resistant steels, i.e. steels operating at high temperatures. For these steels the 

important value is the creep rupture strength (RmT), which is determined by creep tests. 

Macrostructure: The macrostructure of all welded joints is satisfactory in terms of integrity and quality of the 

weld. 

Microstructure: the individual metallographic reports described the microstructures (from base materials: 

austenite respectively martensite, across the welded joint: Nb and Ti carbides excluded inside as well as 

around grain boundaries, δ-ferrite in the wed metal and HAZ). Microstructure was etched with etchant ell. 

H2CrO4. 

Determination of grain size and δ-ferrite content in the weld metal and the heat-affected zone was not 

required within the qualifications. Therefore, the determination of δ-ferrite content in accordance with ASTM 

E 562 using LECO IA 32 analyzer including grain size is gradually ensured. The heat treatment increases 

the grain size in the overheating zone, especially in the material Super 304H. It is obvious from the 

macrostructure (Fig. 1). Determination of the causes of the grain growth is subject to current investigation. 

Theoretical assumptions, however, suggest that this grain growth should not have a negative effect on 

creep. The effect on corrosion, however, is another issue. The effect of HT on the above phenomena will be 

subject to further testing.  

 
 Fig. 1 Homogeneous weld joint Super 304H after HT 
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6. CONCLUSION 

The above results prove that the welds were produced in the quality required by ČSN EN ISO 15614-1 

standard and supplementary regulations (AD2000 Merkblatt HP2/1 and PED directive (97/23/EC)). The tests 

have shown that the processes of welding and heat treatment cause structural changes (hardening phase 

precipitation and coarsening of grains in the overheating zone), but changes in the mechanical properties are 

not significant.  

However, these results can not in any case provide enough information to predict creep-resistance, or 

corrosion resistance (on the flue gas part) of specific examined welds in various corrosive environments, 

either the heat treatment with or without it (austenitic materials). This is subject to further a long-term 

research within the above project, and the results will be interpretable only for reproduction of these specific 

combinations of basic and filler materials, welding or heat treatment method. 
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JOINING OF METALLIC COMPOSITE MATERIALS BY CMT PULSE 
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Abstract 

Composite materials are specifically designed to respond to particular requirements in terms of mechanical 

strength and stiffness, corrosion resistance, resistance to chemical agents, low weight, dimensional stability, 

resistance to shock, wear properties, insulating and aesthetic, features which recommends this materials to 

be used in top fields of engineering (aeronautic, biomedical, etc). These advanced materials present also an 

economic benefit, having a low weight together with high strength at high temperatures. Realization of these 

composites materials and joining them shows a high degree of complexity by combining aspects of material 

properties, functional needs, and a practical multifunctional development. 

The paper presents experimental data by joining with CMT process (Cold Metal Transfer) of metal matrix 

composites (aluminum) reinforced with steel mesh S235JR. The microscopic analyzes performed with optical 

microscopy and scanning electron microscopy presented not welding defects. It also notes that were not 

been seen defects after examination in the cross-section of the composite material. The estimator values 

ΔHV1 determined between the areas base metal - weld of the joints shows that did not appeared structural 

hardening (ΔHV1<50 %), which attest that will not appear important structural hardening, the risk of breaking 

fragile in these areas being considered low. 

Keywords: composite materials, CMT welding, microscopic analysis  

1. INTRODUCTION 

Composite materials are part of "new materials" and are specifically designed to respond to particular 

requirements in terms of: mechanical strength and stiffness, corrosion resistance, resistance to chemical 

agents, low weight, dimensional stability, resistance to variable demands to shock and wear, insulation and 

aesthetic properties. Of all the new materials, composite materials are characterized mostly by strong 

interdisciplinary scientific and industrial applications [1]. 

In the particular case of vehicles, there are made now parts from composite materials but is still expected to 

generalize this replacement because the economic factor is very important. Thus, to manufacture structural 

elements of a car (chassis bodyshell, transmission shafts) of high performance composite materials (polymer 

matrix and C fiber) the gain realized in fuel economy is important [2]. 

Welding of composite materials by conventional methods may lead to inappropriate welded joints due to the 

large differences between materials reinforcement elements and matrix material that, when using high 

temperatures can lead to deformation or cracking [3,4]. 

CMT joining process (Cold Metal Transfer) is experiencing a growing application in various industries 

(aviation, maritime, auto etc.) due to advantages compared to other welding processes namely: temperature 

during welding is approximately 30 % lower than the temperature released during the MIG-MAG welding, 

computer assisted sequencing joining process will produce high-quality welded joints with minimum material 

consumption (no drops) [5,6]. 

With CMT process can be made high quality joints of similar and dissimilar materials (aluminum alloy, zinc 

alloy, aluminum alloy, magnesium alloy, aluminum alloy galvanized sheet etc.) of small plates with 
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thicknesses between 0.5-3 mm. Applying CMT joining method, due to the lower heat than conventional 

methods are expected to obtain quality welded joints without cracks or deformation due to lower stress [7]. 

The paper presents experimental results on composite materials joining Silumin 3 reinforced with S235JR 

steel mesh by CMT method. 

2. MATERIALS USED  

2.1 Material matrix (Silumin 3) was prepared in low frequency induction furnace. Its chemical composition 

is shown in Table 1. In Table 2 is presented the chemical composition of the steel mesh. 

Table 1 Matrix chemical composition 

Al Si Mn Mg Fe Ti Zn Cu 

 

89.687 % 

 

1012 % 0.30,6 % 0.2÷0.5 % 0.6 %  0.15 % 0.10 %  0.05 %. 

Table 2 Chemical composition of the steel mesh 

Fe C Mn Si P S 

 

99.3298.73 % 

 

0.130.22 % 0.30.6 % 0.15÷0.35 % 0.045 % 0.055 % 

2.2 Filler material 

As filler material was used AlMg5 wire electrode with the diameter of 1.2 mm. Table 3 presents the chemical 

composition of the wire electrode and in Table 4 are listed the mechanical properties of the filler alloy. 

Table 3 Chemical composition of the wire electrode 

Filler 

material 

Chemical composition [%] 

C Mn Si Cr Zn Ti Mg Fe Al 

 

AlMg5 

 

-  0.10 0.20 0.10 - 0.10 5 0.30 rest 

Table 4 Mechanical properties of the filler alloy 

Filler material 
Tensile Strength 

N/mm2 

Yield Strength 

N/mm2 

Elongation 

A5 (%) 

AlMg5 

 
≥ 110 ≥ 240 

≥ 17 

2.3 Equipment approach 

For the experimental program was used the welding power source type Fronius TPS 2700 CMT which is 

controlled by microprocessor, designed for MIG-MAG/CMT welding processes. Was also used a welding 

tractor which provides the advanced. It has a voltage regulator to determine the welding speed, continuously 

adjustable. Fig. 1 shows the CMT system used. 
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Fig. 1 Experimental equipment 

As shielding gas was used argon purely (Ar 100 %) because for aluminum and copper alloys is 

recommended that inert gas welding. Table 5 presents the optimal values of the parameters used to achieve 

joints. 

Table 5 Values of the parameters 

 AIS  
 VU a  

Wire speed 

m/min 

Impedance 

[Ω] 

Gas  

l/min 

49-55 
16.7- 

17.5 
5 2 12-14  

2.4 Equipment used for investigation of the joints 

Microstructural analysis was performed using OPTIK OLYMPUS BX51 microscope. The samples etching for 

examination was done with hydrofluoric acid, 1 % at 20° for 10 seconds. Scanning electron analysis was 

performed using scanning electron microscope (SEM) inspection model coupled with the Energy-dispersive 

X-ray spectroscopy (EDX). HV0.1 hardness tests were made with ZWICK 3212 device. 

3. EXPERIMENTAL RESULTS 

3.1 Microscopic analysis 

Fig. 2 presents optical microscope metallographic analysis of the base metal 1 (Silumin 3). In Fig. 3 is 

presented the joint microcopy image produced by CMT (interface). 

 

 

 

 

 

 

   Fig. 2 Microstructure Silumin 3 alloy, 200x       Fig. 3 Joint image (interface), 500x 
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The microscopic analysis shows that the welded joints presents not defects such as pores. It also notes that 

between the two materials there is a good contact without cracks. In Fig. 4 is presented SEM analysis of the 

composite (cross section). 

 

 

 

 

 

 

 
 

a)   b) 

 Fig. 4 SEM analysis of the composite (cross section): a) lover magnification, b) detail 

SEM analysis shows that the reinforcing material (S325JR steel mesh) is well integrated in the aluminum 

alloy matrix. 

4. HARDNESS TEST 

HV0.1 hardness test was performed according to EN ISO 6507-4:2005. Specific areas of the joints and the 

results are summarized in Table 6. Also in Table 6 were introduced the structural hardening estimator 

ΔHV0.1 values calculated with the formula: 

 

          

[%]100
HV1

HV1HV1

max

minmax 


 
Where:  

 HV1max is the maximum hardness HV1 in an area of the joint; 

 HV1min is the minimum hardness HV1 determined in a different area of the joint 

It is considered that if ΔHV0.1 ≥ 50 % in areas considered were developed hardening-embrittlement 

phenomena exacerbated by structural, high-risk breaking fragile production [8]. 

Table 6 HV1 hardness test 

Area HV1 

Hardness 

Estimator ΔHV1 [%] 

BM1-WELD BM2-WELD 

BM1 34.4 

28.3 25 WELD 48 

BM2 36 

ΔHV1 =  
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Analyzing ΔHV0.1 estimator values determined in the specific areas of the joints is observed that there is no 

structural hardening trends between areas BM1-WELD, BM2-WELD attesting that no major structural 

hardening occurs (ΔHV1 <50 %), risk of breaking fragile in these areas is considered low. 

5. CONCLUSIONS 

1) The paper presents experimental results of joining metal matrix composites (aluminum) and reinforced 

with steel mesh S235JR, joined by CMT. 

2) Microscopic analysis shows that the joints made are appropriate and without defects such as pores or 

cracks. SEM analysis of the composite (cross section) shows that the reinforced material (S325JR 

steel mesh) is well-integrated in the aluminum alloy matrix 

3) ΔHV1 estimator values determined in the specific areas of the joints is below 50 % which shows that 

there were no major structural hardening which may lead to fragile breaking. 
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Abstract  

Use of creep-resistant steel P92 in modern power plants enables increase of service temperature up to 

650 °C. Some alloying elements (Cr, W) can easily increase their oxidation states and form volatile 

compounds in high steam parameters environments. Very similar degradation mechanism is observed in 

strongly oxidizing aqueous environments, where these alloys are subject to transpassive dissolution. Model 

melts containing constant chromium content (9 wt.%) and variable amount of carbon (0.01 - 0.63 wt. %) and 

tungsten (1.5 - 4.0 wt. %) were used for study of the influence of alloying elements. Structure of these alloys 

was characterized using optical and scanning electron microscope. Electrochemical behaviour was 

evaluated by potentiodynamic method. Model alloys showed to have similar structure compared to industrial 

melts of P92, moreover, shapes of their potentiodynamic curves are also very similar. The curve in 

transpassive area is accompanied by formation of substantial local peaks whose position differ according to 

chemical composition and heat treatment of the alloy. The model alloys were potentiostatically etched in 

local peaks areas and characterized using scanning electron microscope equipped by EDS analyser. 

Keywords: creep-resistant martensitic steels, tungsten, carbon, electrochemical behaviour, transpassivity 

1. INTRODUCTION 

Heat-resistant steel P92 belongs to the group of (9-12)% Cr modified martensitic steels. These steels are 

used in components of advanced coal-fired power plants, such as heat-exchange tubes and steam pipelines. 

The use of P92 enables increase of steam parameters up to 650 °C / 30 MPa. Essential service 

requirements under these conditions are high creep strength and enhanced resistance to steam-side 

oxidation. From the point of chemical composition chromium is the most important alloying element 

responsible for sufficient oxidation resistance of the steel. Moreover, alloying with molybdenum and tungsten 

leads to increase of creep resistance due to solid-solution strengthening [1-4].  

Oxidation resistance of steel P92 is dependent on exposure environment. Compared to very thin, highly 

protective oxide layer formed in dry-air environment, scales formed in steam-containing atmosphere are thick 

consisting of several sublayers and containing many defects (pores, voids, cracks). The scale is usually 

composed of outer magnetite layer and inner Fe3O4 / (Fe,Cr)3O4 layer [5]. Another problem of behaviour of 

these materials in steam environment is selective oxidation of some alloying elements and formation of 

volatile compounds. Example of this problem is development of volatile CrO2(OH)2 on Fe-Cr alloys in O2/H2O 

atmospheres causing decrease of Cr content on the surface. This chromium depletion process leads to 

formation of less protective oxides [6-9]. Similarly to chromium, other elements such as molybdenum and 

tungsten can be selective oxidized and evaporate in the form of their compounds [10]. In addition, 

evaporation of alloying elements can change the overall kinetics of oxidation from parabolic behaviour to 

linear or even breakaway oxidation.  

In addition, the same behaviour (that means losing of protective properties of passive layer due to transition 

of key elements into soluble compounds in higher oxidation states) is observed in aqueous solutions during 

transpassive dissolution [11, 12]. Conditions for transpassive degradation are achieved in strongly oxidizing 

environments that could occur in overheated steam or supercritical water [13]. Transpassive behaviour of 
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materials could be observed using electrochemical polarization in area of very positive potentials (around 

1-2 V/ACLE for Fe-Cr alloys). In addition, electrochemical polarization technique could be used for detection 

of phases enriched with alloying elements that are easily transpassive soluble in suitable electrolytes. This 

method was successfully used for steels P91 (9Cr-1Mo) [14] and P92 [15] after creep exposures. 

In this paper model Fe-9Cr-W steels with various carbon and tungsten content are studied from the point of 

electrochemical behaviour in the transpassive area and its relation to microstructure. 

2. EXPERIMENTAL 

Four different laboratory melts (2 kg) of Fe-9Cr steels with various carbon and tungsten content and 

commercial P92 were used for experiments. Chemical composition of all samples is given in Table 1. Heat 

treatment of specimens consisted of quenching (1050 °C, 20 min, air) followed by tempering at 780 °C for 

10 min.  

Table 9 Chemical composition of samples 

steel 
chemical composition [wt. %] 

C Mn Si S Cr Ni Mo W other elements 

P92 0.11 0.48 0.37 - 8.6 0.09 0.33 1.6 V: 0.23, Nb: 0.06, N: 0.37  

C1W1.5 0.01 0.47 0.53 0.02 9.3 0.13 0.04 1.5 - 

C15W2.3 0.15 0.54 0.45 0.15 9.3 0.13 0.03 2.3 - 

C53W1.9 0.53 0.52 0.43 0.02 9.9 0.14 0.04 1.9 - 

C63W4.0 0.63 0.56 0.44 0.02 9.7 0.15 0.03 4.0 - 

All samples were grinded, polished and etched in nital and Villela-Bain solution mixture before study of the 

structure. Scanning electron microscope Tescan Vega 3 equipped with EDS analyser was used for 

microstructure observation.  

A common three-electrode cell with a Pt wire as counter-electrode and a silver/silver chloride electrode 

(ACLE) as the referent electrode (197 mV compared to the standard hydrogen electrode) was used for 

electrochemical measurements. All potentials reported in this paper are related to the ACLE. Electrochemical 

measurements were conducted in aerated Na2SO4 solution adjusted with sulphuric acid to pH 3,4. 

Potentiodynamic measurements were carried out by the PC3 system and Gamry electrochemical software. 

Corrosion potential was stabilized for 15 min before beginning of polarization measurement. The used rate of 

polarization (scan rate) was 1 mV/s. 

3. RESULTS  

3.1  Microstructure 

Microstructures of steel P92 and two model alloys C15W2.3 and C63W4.0 are shown on Fig. 1a-1c. The 

structure of alloy P92 is well known from many publications [1-4] and consists of tempered martensite with 

carbide and carbide-nitride particles. Model Fe-9Cr-W alloys (Fig. 1b-1c) have very similar structure 

composed of tempered martensite and precipitated particles. Significantly more particles are observed in 

sample C63W4.0 which is probably given by higher carbon content in this alloy. Because of substantially 

lower nitrogen content (compared to P92), no nitride particles are expected in structure of model alloys. 

Precipitated phases are anticipated to be carbides of iron, chromium and/or tungsten. 
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 Fig. 1 Structures of steels a) P92, b) C15W2.3, c) C63W4.0 

3.2  Electrochemical behaviour 

Anodic potentiodynamic curves of all used steels in Na2SO4 solution (pH = 3.4) measured from corrosion 

potential (Ecorr) are plotted on Fig. 2a. The curve for commercial steel P92 (black dashed line) shows an 

ordinary electrochemical behaviour of metal with active-to-passive transition. The value of passivation 

potential is -260 mV and the critical passivation current density reaches 5.1 A/m2. Very sharp increase of 

current density from the passive area probably due to transpassive dissolution takes place at potential 

around 500 mV. The area of our interest is the potential region 600 - 1800 mV, where two local significant 

peaks at potentials 970 mV (current density 0.68 A/m2) and 1220 mV (0.40 A/m2) were observed on 

polarization curve of P92 steel. Formation of these peaks is assumed to be connected with dissolution of 

phases enriched with alloying elements (Cr, W), which can easily form soluble compounds in higher 

oxidation states (CrVI, WVI). Samples C1W1.5 and C15W2.3 show very similar behaviour compared to P92, 

increased amount of carbon and tungsten in alloy C15W2.3 lead to higher value of critical current density 

and current density of observed peaks. Very broad area of active dissolution was measured in the case of 

samples C53W1.9 and C63W4.0. The reason of such behaviour is probably high carbon content in these 

steels, which leads to formation of carbide particles surrounded by Cr-depleted areas. Decrease of current 

density followed by its increase due to transpassive dissolution was observed after this broad area. Positions 

of detected local peaks correspond to those of lower carbon steels. 

 

 Fig. 2 Anodic polarization curves of alloys, a) measured from Ecorr, b) in transpassive area (600 - 1800 mV) 
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Polarization started at potential 600 mV (exception of passive surface) was conducted to suppress the 

influence of active dissolution. Potentiodynamic curves measured in potential area 600 - 1800 mV for all 

used alloys are plotted on Fig. 2b. Formation of two peaks at potentials 970 and 1220 mV was noticed on 

the curve of steel P92 (black dashed line). Compared to Fig. 2a, these peaks are less significant and current 

densities in maximum are lower (0.14 and 0.25 A/m2). Therefore, polarization from passive area is obvious to 

lead to less intensive electrochemical processes (transpassive dissolution of phases). This behaviour could 

be explained by dissolution of matrix in active region, which increases the area of more resistant phases. 

Increased area for following transpassive dissolution could explain higher current densities of local peaks on 

Fig. 2a.  

Comparison of individual alloys shows that increasing carbon and tungsten content leads to emphasizing of 

peaks in area 1000 - 1400 mV. Most significant examples of this trend are samples C53W1.9 and C63W4.0, 

where increase of current density by 1-2 orders of magnitude compared to P92 was observed. This 

behaviour is explained by higher amount of precipitates (enriched with alloying elements) in the structure and 

more intensive transpassive dissolution of these precipitated phases. 

3.3  Observation after potentiodynamic measurement 

Sample C63W4.0 with most significant peaks in transpassive area (the highest current density) was studied 

more in detail on scanning electron microscope. Structure of this sample before potentiodynamic 

measurement is shown on Fig. 3a. Large bright particles with size up to several μm were present in the 

structure. Chemical analysis performed by EDS analyser detected around 41 % Fe, 36 % Cr and 23 % W (all 

in wt. %) in these particles. Determination of accurate carbon content is not possible using this method. 

However, relative amount of carbon is higher in these particles compared to surrounding matrix. Therefore, 

these phases are supposed to be carbide particles, probably of type M23C6. 

Structure of this sample after polarization (600 - 1800 mV) is shown on Fig. 3b. Carbide particles are evident 

to be etched out of the matrix. This observation confirms our assumption that formation of local peaks in area 

1000 - 1400 mV is connected with dissolution of phases enriched with alloying elements (Cr, W). 

  

 Fig. 3 Structure of sample C63W4.0 a) before polarization, b) after potentiodynamic measurement 

The possibility of detection of phases enriched with alloying elements could be used for evaluation of 

microstructural status of long-term heated creep-resistant Fe-9Cr-W steels and for prediction of service life of 

operated equipment. 
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4. CONCLUSIONS 

Structures of alloys Fe-9Cr-W with various carbon and tungsten content are similar to commercial steel P92 

and consist of tempered martensite and precipitated carbide particles. Potentiodynamic curves of these 

alloys show common active-to-passive behaviour and significant local peaks in transpassive area. 

Polarization from passive area leads to decrease of these peaks parameters. Rising amount of carbon and 

tungsten in the alloy causes increase of current density in highest points of formed peaks. This trend is 

assumed to be connected with increasing amount of carbides in the structure, which can easily transpassive 

transit into compounds in higher oxidation states. Observation on scanning electron microscope showed 

preferential etching of phases determined as Cr- and W-rich carbides during potentiodynamic measurement.  
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Abstract  

The effect of plastic deformation on microstructure of Fe-B alloys containing different boron and chromium 

concentrations has been investigated. A set of sample with different carbon, chromium, nickel and boron 

content has been prepared. The solidification microstructures of Fe-B cast alloy consist of the boride, 

pearlite, ferrite and martensite. Chemical composition (GDOES) and microstructure of the as-cast alloys 

have been investigated. Borides grow up along the grain boundary of austenite during the formation of 

eutectic. Results showed that the mechanical properties of high boron cast iron depend on alloying elements 

like chromium or nickel. Also we found that chromium and molybdenum were dissolved in the borides. 

Keywords: High boron cast iron, microstructure, boride network, plastic deformation 

1. INTRODUCTION 

In recent years, the abrasive resistant alloys which takes boron as the main alloying element receives 

attention. Many kinds of Fe-B-C alloy materials have been successfully developed [1 - 4]. Boron being an 

alloy element in iron is known for its hardenability with steel which increases with the addition of boron. 

Borides have a higher hardness than carbides when combined with the same element, which replaces the 

carbides in the white cast iron with borides. Moreover, carbon is almost dissolved in boride, thus the 

properties of matrix can be adjusted by carbon content. This offers a unique possibility to increase hardness 

of reinforcement in MMC by using borides and at the same time adjust the properties of the matrix by 

levelling the carbon content. The development of high boron iron based alloy is to modify the white cast iron 

with boron, and the design idea is to use boride to replace carbide in white cast iron, and to use low or 

medium carbon matrix to replace high carbon matrix [5]. However, there exists a continuous boride network 

in the solidified structure of high boron cast steel, which destroys the continuity of matrix and reduces the 

toughness. Thus, the application of high boron steel is restricted in some severe conditions such as cyclical 

and impact loading. In order to enlarge its application, it is necessary to increase the toughness of high boron 

cast steel. Alloying [6, 7], heat treatment and rare earth modification [8, 9] are the most common methods 

used to improve the toughness of high boron cast steel. However, these methods have little effect on 

improvement of toughness. Plastic deformation [10-12] or heat treatment [13, 14] is the most effective 

method used to improve the toughness of white cast iron through breaking up carbide network. Boride 

network in high boron cast steel is similar to that in white cast iron. Therefore, plastic deformation is also 

used to break up boride network [15]. 

General studies [16-19] deal with heat treatment of Fe-B alloys up to 1 wt. % of boron. If the heat treatment 

is applied, the matrix of high boron cast steel transforms according to Fe-C system. But short time of heat 

treatment does not affect the shape of the borides. A long time destabilization heat treatment has to be 

applied to change the morphology of borides and to influence secondary precipitation mechanism in matrix 

[4]. Also, forging leads to change the morphology of borides [8]. Addition of suitable amount of titanium and 

cerium rare earth change the morphology and distribution of the eutectic borides in low carbon Fe-B cast 

steel are improved and the overall mechanical properties are increased accordingly [20]. 

http://www.tf.czu.cz/en/?r=2626
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The purpose of the present research is to study the effect of plastic deformation on the microstructural 

transformations and hardness; to confirm the feasibility of applying hot deformation and spheroidizing 

processes of high boron cast steel; and to understand the boride deformation and spheroidizing mechanism. 

The investigation techniques used for material characterization included optical microscopy, scanning 

electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDX) and Vickers microhardness.  

2. EXPERIMENTAL PROCEDURE 

The alloys used for this investigation were melted in a vacuum medium-frequency induction furnace of 

capacity 100 g. The alloys were poured at 1,650 °C into graphite mould which was preheated up to 600 °C. 

The chemical compositions of the alloys determined by GDOES are listed in Table 1, as well as Vickers 

hardness. Samples were heated at 950 °C for 0.5 h, followed by forging in power hammer, cross section 

reduction was 4. These samples were cast in metallographic resin, grinded by diamond disk and polished by 

OPS suspension. To reveal microstructure the 5 % nital has been used as an etchant and optical microscopy 

with image analysis have used for metallography analysis. The scanning electron microscope FEI Quanta 

200 (SEM) with EDAX energy dispersive spectroscope (EDS) has been used to characterize microstructure 

and differences in chemical composition in the microvolume.  

Table 1 Chemical composition of experimental alloys (wt. %), GDOES method 

element/ 

C B Cr Ni Mo Si Mn 

HV30 

Sample 

n° 
as-cast forged 

1 0.27 0.68 0.08 0.25 - 0.15 0.28 233±5 273±28 

2 0.22 0.7 5.5 - 1.5 - - 557±7 721±11 

3 0.66 0.67 2.26 0.02 - 0.29 0.32 462±8 513±59 

4 06 0.32 5.4 2.3 0.5 0.4 0.5 681±19 894±32 

5 0.27 0.8 0.15 0.3 - 0.29 0.3 246±7 282±3 

6 0.24 0.83 3 2.48 0.47 0.29 0.46 602±24 782±33 

7 0.8 0.86 2.8 0.02 - 0.34 0.35 564±4 791±50 

8 0.7 0.78 8.13 2.2 0.47 0.41 0.5 701±13 1142±31 

3. RESULTS AND DISCUSSION 

The samples with various carbon and chromium concentration formed the metallic matrix and eutectic 

morphologies during solidification process. The microstructure mainly composed of ferrite, martensite, a 

number of pearlite and continuously distributed eutectic Fe2B. It seems that with increasing chromium and 

carbon concentration the volume of eutectic borides increases too.  

The as-cast and forged microstructures of the alloys n°1, 4 and 8 are shown in Fig. 1. The samples 

microstructure consists of matrix and eutectic boride, shown as white and black and grey areas in the 

micrographs, respectively. 
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a) 
 

b) 

 

c) 

 

d) 

 

e) 
 

f) 

 Fig. 1 Micrographs of samples 1 a-b, 4 c-d and 8 e-f, as cast (a, c, e) and forged (b, d, f) 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

825 

According to equilibrium binary diagram, the boride of eutectic structure is identified as Fe2B (grey). The 

metallic matrix is composed of ferrite (white) and pearlite (dark). 

Table 2 Chemical composition of experimental alloys matrix (wt. %), EDX method 

Element, wt. % / 
Si Mn Cr Ni B Fe 

Sample n°  

1 
As cast 

     
N 

forged 
    

4.58* N 

2 
As cast 0.35* 

 
2.26 1.69 5.28 N 

forged 0.47* 0.62 3.1 2.45 4.61* N 

3 
As cast 0.34* 

 
1.82 

 
* N 

forged 0.29* 0.5* 2 
 

3.86* N 

4 
As cast 0.34* 

 
3.34 1.6 6.13 N 

forged 0.56* 0.45* 4.47 2.08 4.17* N 

5 
As cast 0.44* 

    
N 

forged 0.42* 0.56* 
  

4.69 N 

6 
As cast 0.31* 

 
2.83 2.17 

 
N 

forged 0.41* 0.53* 2.84 2.4 4.61* N 

7 
As cast 0.4* 

 
2.48 

 
5.26* N 

forged 0.49* 0.51* 2.39 
 

4.52* N 

8 
As cast 1.31* 

 
6.48 1.4* 

 
N 

forged 0.51* 0.69* 4.91 1.8 8.63* N 

N - normalised, * - high inaccuracy 

Table 3 Chemical composition of experimental alloys borides (wt. %), EDX method 

Element, wt. % / 
Si Mn Cr Mo Ni B Fe 

Sample n° 

1 
As cast      8.92 N 

forged      10.51 N 

2 

As cast   5.50 1.48  9.87 N 

As cast   5.91 0.64*  10.70 N 

forged 0.27* 0.45* 6.96 1.64 0.66* 11.81 N 

3 

As cast   3.13   7.97 N 

forged  0.4* 3.78   8.07 N 

forged 0.45* 0.42* 1.98   4.41* N 

4 

As cast   6.80 1.49  8.46 N 

forged  0.37* 8.89 1.74 1.49* 7.46 N 

forged  0.47* 7.24 1.61 1.74 6.94 N 

5 
As cast      * N 

forged  0.46* 0.36*   9.37 N 

6 
As cast   6.50 0.94*  11.58 N 

forged  0.56* 6.74 1.59 0.67* 10.76 N 

7 
As cast       N 

forged  0.59* 5.35   7.8 N 

8 
As cast   8.13 1.66*  19.41 N 

forged 0.43* 0.54* 8.31 1.27* 1.01* 7.58 N 

N - normalised, * - high inaccuracy 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

826 

Moreover, netlike distribution of Fe2B has been observed as shown in Fig. 1a, c, e. It seems that different 

concentration of boron leads to different eutectic continuous network in the structure (Fig. 1a,e). 

Metallographic observation shows that as cast microstructure was influenced by chromium content. It is 

seem that volume of martensite in the metal matrix increase with increasing of chromium content. Chromium 

content higher than 3 wt.% arise martensitic transformation in metallic cells. Also metallic cells 

inhomogeneity was found; this effect could be observed in samples with 2 wt. % chromium content as a 

different microstructure of metal cells. It seems that peritectic reaction during crystallization leads to chemical 

inhomogeneity of elements in metallic cells, and this inhomogeneity is increased by grow of the boride phase 

in alloy.  

 Fig. 1b,d, and f shows the microstructures of high boron cast steel forged from 950 °C and cooled in air. 

Plastic deformation breaks up the boride network and the metallic matrix becomes continuous phase. Netlike 

boride becomes strips for alloys 3, 4 and 6 after forging, see Fig. 1d. Boride network broke to smaller and 

asymmetrical for alloys 1, 2, 5, 7 and 8, see Fig. 1b and f. The microhardness measured by Vickers method 

has shown increase in values from 10 to 60 % when comparing with as cast alloys, see Table. 1. The 

highest increase, 60 %, shows the alloy n°8 with highest chromium volume, as well other alloys with higher 

chromium content exhibit increase in hardness around 40 %.  

Metallographic observation showed that forged microstructure of metallic cells contains intermetallic particles 

which were not present in as cast samples. The present of such phase was first observed at borides in the 

alloys with 2 wt. % chromium, particles are distributed near metallic cells boundaries, not in the cells centre. 

Only in alloys with higher content of chromium then 2 wt. % these particles could be found in the metallic 

cells centre. It is seems that heating on forging temperature initiates grow up of these particles, this may 

indicate chemical inhomogeneity of matrix too. The presence of this new phase has positive effect on 

hardness of forged alloys. 

CONCLUSIONS 

Microstructure of high boron steel after solidification consists of eutectic boride and metallic matrix. The 

eutectic borides are Fe2B and metallic matrix composed of ferrite, pearlite, martensite and bainite. Chromium 

content in the alloy significantly influences the mechanical properties of the material. With increasing Cr 

content hardness increase.  

Plastic deformation breaks up boride network and promotes boride particles. After deforming the morphology 

of boride in the deformed high boron steel changes into a spheroidized structure. Compared with as cast 

samples, the hardness of the deformed samples increased. This effect is raised by martensite in metallic 

matrix and the occurrence of a new phase in martensite. 
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Abstract  

Low alloy high strength steels are the key materials in the design of safety parts car body structures. 

Contribution is dedicated to the study of boron steel type of 22MnB5 weldability, with fully martensitic 

microstructure due to hot stamping technology.  

The joints strength of the martensitic steels is limited mainly by the part of the heat affected zone with 

a predominance of a tempered martensite. The main objective of performed analyses is to study the 

differences in formation of the surface AlSi layer. Those differences are one of the influential metallurgical 

parameters related to weldability of martensitic steels. The structure of sub layers and changes of their 

chemical composition were studied as a result of different thermal conditions during heat treatment. The Si-

rich zones formation in connection with overheating during austenitization is discussed.  

The spot welds service durability in automotive structures is strongly affected by the failure mode, in 

conjunction with different fracture energy. In order to evaluate the failure mode of the spot welds, the shear 

strength, i.e. shear force to the sheet-sheet interface was chosen as a testing mode. 

The fractography analysis was performed for documentation of the surface layers in their influence on the 

failure mode of spot welds. The typical differences in the fracture behavior low alloy martensitic steel are 

presented. 

Keywords: weldability, martensitic steels, surface layer, fracture behavior  

1. INTRODUCTION  

Hot stamping is a widely used method of preparation of high-strength steel car components. The material is 

formed in a thermo-mechanical process during anizothermal cooling from the austenitization temperature 

into the specified shape and reaches a fully martensitic structure with strength higher than 1500MPa [1, 2]. 

The process enables production of stampings with reduced springback, with a great geometric accuracy and 

a high strength-to-mass ratio). The sections produced in this way are used in crash protection applications, 

mainly bumper beams, door reinforcements and B-pillars. Current research in this field is oriented around 

heat treatment with controlled cooling. Reaching an optimal combination of martensite and residual austenite 

leads to a desired increase of fracture toughness and energy absorption capability at high loading speeds[3].  

Vehicle crashworthiness of high-strength martensitic steels is greatly influenced by the fracture behaviour of 

the weld joints. The dynamic resistance of spot resistor weld joints is provided by a number of factors. Some 

of the geometric factors involve the size and symmetry of the weld lens in relation to the thickness of welded 

sheets. This is the problem currently being studied, mainly as regards heterogeneous joints in combination 

with martensitic and dual phase steels. The stress mode is another important factor. It is complex in 

operational conditions, but in experimental conditions it is replaced with shear stress and normal stress 

during so-called peel tests [4]. Metallurgy factors that determine the dynamic fracture behaviour of joints in 

martensitic high-strength steels have several specific impacts. Together with micro-cleanness and increased 

sensitivity to the content of hydrogen, the currently studied aspects include processes connected with usage 

of protective coatings during hot stamping.     

mailto:eva.schmidova@upce.cz
mailto:konecnymichal@volny.cz
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Usage of precoated steels in hot stamping is one of the methods that improve the quality of high-strength 

stampings. The role of the coating is protection of the surface against iron scales and decarbonisation during 

hot forming and quenching in the die. A 30-40µm layer based on Al-Si (90 % Al) is preferred for martensitic 

low-alloy steels. The benefit of a coating based on Al-Si is higher oxidation resistance at high temperature[5].  

The structural changes in the surface layer produced by the thermal process reduce re-melting during 

welding, contributing to the preservation of the passivation effect. In addition, experiments have 

demonstrated a tendency to creation of a protective layer on the electrodes that increases their durability [6]. 

At the same time, however, a tendency for the layer to melt into the weld metal has been observed, for 

example in laser-welded joints. A possible consequence is the creation of brittle inter-metallic phases based 

on Al-Fe and reduction of joint strength [7]. Recent studies suggest a greater risk of this degrading process 

in "an overlap welded joint than in a butt welded one" [8, 9]. Optimization of the welding processes thus 

demands a detailed specification of Al-Si coating parameters that coincide with dispersion of the introduced 

heat treatment processes.  

The presented study focuses on an analysis of the surface layer of low-alloy martensitic steel and detection 

of potential negative impacts of the surface layer on weldability. It specifies material parameters that present 

a source of dispersion of static and dynamic strength of joints within a standard manufacturing process of 

high-strength components of the bodies.  

2. EXPERIMENTAL MATERIAL, METHODOLOGY OF ANALYSES 

The experiments concerned various meltages of martensitic steels 22MnB5 in a condition for hot stamping. 

We analysed a set of six stampings of different shapes in which a problem with instable welding process 

occurred. The typical chemical composition of the welded materials is given in Table 1. The study of the 

material's metallurgical weldability was based on an analysis of internal homogeneity and micro-cleanness of 

the material. The evaluated effect of the surface layer on the weldability was based on the (i) an analysis of 

the chemical composition of individual sub-layers in crosswise scratch patterns; (ii) evaluation of differences 

in morphology and chemical composition directly on the surface layer of the stampings. 

Samples for the structural analyses were taken from flat areas specified for point-welded joints, because the 

shape differences of the tested stampings can cause uneven cooling speeds during stamping (Fig. 1). The 

scratch patterns were produced by standard methods, etched with a 3 % Nital solution. The structural 

analyses were performed by light and electron microscopy (SE), the chemical composition was analysed by 

an energy microanalysis method (EDX analysis). 

Table 1 Chemical composition of tested stampings [hm.%] 

č. vz. C Mn Si P S Cr Ni Cu Alcelk Ti B N O H [ppm] 

1 0.25 1.25 0.25 0.020 0.002 0.19 0.01 0.02 0.043 0.04 0.0035 0.0050 0.0028 5.2 

2 0.25 1.30 0.22 0.017 0.003 0.13 0.03 0.02 0.049 0.02 0.0030 0.0034 0.0010 3.3 

As regards chemical composition, the entire tested series of stampings satisfied normative requirements for 

the 22MnB5 steel. Samples for the structural analyses were taken from areas corresponding to evaluation of 

the surface layers. All the evaluated stampings showed a martensitic structure with an approximately 

identical share of bainite and partially tempered martensite.  

3.  ANALYSES OF SURFACE LAYERS  

An example of a typical composition of the surface layer is presented on the stamping No.1 in Fig. 1, 2. The 

thickness of metallographically distinguishable sub-layers was measured on etched crosswise scratch 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

830 

patterns (positions 1 to 4 in Fig. 2). For each stamping, three samples from a specified flat area of the 

stamping were evaluated. The compared result for each sample represents an average value from at least 

three measurements in various positions on the scratch patterns 20 mm long.    

Difference of diffuse - inter-metallic layer thickness was detected (in the measured parameter No. 2 in  

 Fig. 2). In two stamping shapes, the thickness of the diffuse inter-layer was over 13 µm, i.e. about double 

compared with the other stampings with a thickness of the inter-metallic layer of 6-9 µm. In addition, 

a different structure of heterogeneities in the volume of the coating was observed in these stampings. Unlike 

the remaining set of stampings with typically scattered isolated volumes of these heterogeneities, in 

stampings with higher intermetallic layer, another continuous "inter-layer" was formed in the volume of the 

coating (see Fig. 3 in comparison with Fig. 2). The analyses of local differences in the chemical composition 

focused on these areas. 

 

 

 

 

 

 

 

 

The chemical composition of the sub-layers was evaluated on scratch patterns. The positions of individual 

measurements correspond to measurements of the sub-layer thicknesses and is presented in Fig. 2: (1a) 

immediate surface layer; (2) diffusion layer bordering martensitic steel; (3) border between the diffusion layer 

and the remaining volume of the coating; (4) heterogeneities in the coating beyond the area of the diffusion 

layer; (5) homogenous area of the coating beyond the diffusion layer; (6) surroundings of hollows in the 

diffusion layer. 

Changes in concentration of essential elements (Al-Fe-Si) in the sub-layers of the coat in a line 

perpendicular to the surface of stamping No. 2 are presented in Fig. 3. Proportions of Si-Fe-Mn elements in 

individual sub-layers were evaluated in succession to the detected geometric differences in the structure of 

the coating in the tested series of the stampings. Differences of Al/Si in the individual sub-layers are 

considered particularly important as regards the evaluated effect on the weldability. The results showed a 

twofold increase of Al/Si proportion in the basic volume of the layer, for example in stampings No. 2 

compared to No. 1, i.e. the stampings where the deviation in the internal structure of the surface layer was 

detected. The non-compactness of the immediate surface layer (the 1a area in the mentioned measurement) 

did not allow a definite evaluation of the chemical composition in the crosswise scratch patterns. For this 

reason, the measurement was supplemented with a direct measurement from the surface. The measurement 

showed again an increase of the Al/Si proportion in stampings with identified deviation in the thickness of the 

inter-metallic layer. 

X 

Fig. 1 Test stamping No.1 

 
Fig. 2 Typical structure of surface 

layer  

(4) 

(1) 

(2) 

(3) (6) 

(5) 

(1a) 
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 Fig. 3 Different structure of surface layer after intensive Al-Si-Fe redistribution  

The results of the monitored relations are given in Fig. 4. It is obvious that the mentioned twofold increase of 

Al/Si proportion on the surface of the stamping and simultaneously in the basic volume of the coating occurs 

at the otherwise stabile Al/Si proportion in layers bordering the basic material (layers 2, 3). This redistribution 

was thus produced by an increase of an inter-metallic layer and, at a certain stage, by the formation of a new 

inter-layer in the volume of the coat with an approximately identical Fe/Al/Si proportion. The increased Al/Si 

proportion on the surface of the stampings coincides with the measured parallel decrease of Al in the formed 

secondary inter-layer. According to the measurement, the increased thickness of the inter-metallic layer was 

accompanied with increased Fe concentration in the secondary inter-layer.  

  

Fig. 4 Change of the Al/Si proportion in relation with the thickness of the inter-metallic border of the coating 

The mutual interconnection of the detected deviations in the internal composition and the Al/Si proportion 

manifest the dispersion of the performed heat treatment, particularly the differences in temperatures and the 

heating period during austenitization. This fact leads to differences in intensity of the diffusing processes that 

lead to the observed differences in the layers' internal structure. The source of the undesired dispersion of 

weldability particularly comes from a tendency to form a secondary inter-layer with an increased Fe and Si 

content (zone II in Fig. 3). The measurement results suggest that these secondary layers are formed in 

combination with a thickness of an inter-metallic layer exceeding ca 13µm. 

The marked border in Fig. 4 corresponds to the detected limit thickness of the inter-metallic layer. Exceeding 

this limit leads to forming of another "secondary" layer enriched with Fe, thus an undesired effect on the 

weldability. A layer of oxide on the surface of the stampings increases with the growing heating period of 

Fe 

Al Si 

II 
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austenitization. The changes of thickness in the layer of oxide on the surface of the stampings produce 

different surface colouring caused by interference. Stamped sections with detected diffusion redistribution of 

the monitored elements in the formation stage of a new "secondary" layer enriched with Si and Fe showed a 

certain distinction in the surface colouring within the tested series of stampings (difference in the blue-grey 

colouring intensity). The undesirable changes of the surface layer's internal structure can thus be to some 

extent indicated by a change of surface colouring. 

4. EXPERIMENTAL WELDING 

An experimental series of 25 spot welding joints was produced to evaluate the effect of the detected diffusion 

processes on the weldability. The experiment was based on a comparative evaluation of static strength and 

fracture behaviour of the welded joints, combining materials with extremes of the detected differences in the 

surface layer's structure. The selection of the welding parameters was based on a preceding optimisation of 

the technological welding process. The detected difference of static strength was 22kN (in joints combining 

materials with a minimum thickness of the inter-metallic layer) vs. 17.6 kN (in joints of materials with the 

maximum thickness of the inter-metallic layer). This difference was connected with a differing position and 

curve of the fractures - see positions A vs. B in Fig. 5. 

The curve of the fracture decisively affected the strength of the resistance spot-welds. Higher strength was 

achieved in a situation where the fracture was initiated in a zone of tempered martensite. Lower strength was 

connected with initiation of the fracture on the fusion line. The welding thermal cycle in this particular type of 

martensitic steel causes a local softening of the basic material. The position and extent of this critical zone 

decisively affects the fracture behaviour and strength of the spot welds. The detected differences in the 

surface layer's structure affect the current flow during the spot welding. With a view to the stable 

characteristics of the remaining parameters in the tested series (the chemical composition, the micro-

structure, micro-cleanliness, etc.), it is possible to connect the differences in the reach and intensity of the 

thermal impact during welding with the detected deviations of the coating. 

 

 

 

 

Fig. 5 Different fracture behavior due to local influence of surface layer 

5. CONCLUSIONS  

The presented results led to detection of basic tendencies in the formation of the internal structure of the 

surface layer in connection with deviations of the introduced heat treatment of martensitic steel 22MnB5. 

Coating by AlSi is applied during the heating phase, i.e. during heating 5-10 min at 880-950°C. The heat 

treatment leads to modification of the surface layer and at the same time diffusion of iron into the surface 

layer and surface oxidation of the layer.  

The heat treatment creates a layered sub-structure with uneven distribution of Al-Si-Fe. The performed 

analyses document diffusion redistribution of Al-Si-Fe elements in the surface layer in connection with 

changes in the geometry of the layer's internal structure. Increase of the temperature and the heating period 

A B 
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leads to an increase of the diffusion layer's thickness and diffusion of Fe into the AlSi coating. Together with 

the rising Fe/Si, Fe/Al proportion, the volume of heterogeneities enriched with iron increases and the share 

of Al/Si rises in the immediate surface zone. Forming of a continuous "secondary" inter-metallic inter-layer in 

the volume of the coating with prevailing Al is particularly important for its impact on weldability. The share of 

Fe/Si, Fe/Al elements, i.e. the intensity of the impact on the current flow during welding, rises with the 

austenitization period in this secondary layer.  

At the same time, the Al/Si proportion on the surface of the stampings rises, the surface oxidation becomes 

more intensive and porosity of the immediate surface layer increases. The rise of porosity and the content of 

oxides on the surface contribute to the instability of the welding process. A higher amount of pores leads to 

their random collapse, thus changing the current flow. The higher layer of oxides on the surface of the 

stampings affects the current flow. 

The study of the crucial tendencies in diffusion re-distribution of the Al-Fe-Si components in connection with 

formation of undesirable "inter-layers" was based on an evaluation of local concentrations of these elements 

in relation to the thickness of the inter-metallic layer. Based on the performed experiments, the maximum 

limit thickness of the inter-metallic layer has been specified as 13 µm as the limit stage of these changes with 

a view to the researched impact on the spot welds' quality. Exceeding of this value by dispersion of the 

austenitization period causes instability of the welding process in the random combinations of the 

weldments.  
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Abstract  

Principle - theory of local measurement of intensity of remanet magnetism Hrn or gradient of Hrn, balistic or 

programmed in periodic way magnetization method of magnetization. High productivity of checking with 

directed high-sensitivity to tested structural parameter. The recrystallization state monitoring of cold worked 

products - anisotropy. The mechanical properties measurement after annealing.The different measurement 

method after heat treatment. Delay influence elimination - measurement through layers with thickness upto 3 

mm. Measurement of inductive case-hardened layers of crankshafts. Manufacturing lines equipments of flat 

products. 

Keywords: NDT, structuroscopy, remanent magnetic field 

1. INTRODUCTION 

Ferrous alloys (steels and cast irons) are most widespread constructional materials. Most of these materials 

are ferromagnetic. The knowledge of mechanical propertries in critically strained site of exposed parts is of 

larger importance than integral information about selected mechanical property. For this reason the local 

magnetic structuroscopy possesses considerable position in spectr of other methods. It found application 

widening in the form of impulsion magnetic checking mainly in Russia and in Czechia. The eddy current 

method is used for this area of materials in Western Europe. However the alternative eddy currents describe 

rather surface regions of parts. The more convenient method for products as wrought semiproducts and 

castings with unprocessed surface is local magnetic structuroscopy [3]. The mechanical properties testing of 

products require their destruction usually. The checking can be performed selective, not totally. The non-

destructive structuroscopy enables 100 % products checking even at critically strained locations as well. The 

professional public knows mostly only eddy currents method with family of instruments used in engineering 

practice esspecially in automotive industry [1]. They are evaluated by cluster anylysis system. The real value 

of mechanical quantity remains unknown. The regression analysis system computes the value (e.g. MELVIS 

instruments) [2], but it is not common at foreign instruments which mostly used in Czech Republic. The 

applications of magnetic structuroscopy methods for steel products are not commonly exploited in the ČR. 

They predominate in countries of former USSR [3]. The checking heat-treated state of steels by magnetic 

methods has its own specifics. 

2. PRINCIPLE 

There is spontaneous magnetic ordering of atomic magnetic moments in ferromagnetic materials, in 

constructional steels and cast irons as well. It is also the case when the whole sample is in macroscopy 

demagnetized state and it doesn´t exhibit magnetic effects. The atomic moments of ferromagnetics are 

mutually parallel for short distance inside of so called magnetic domains, but the domains have microscopy 

dimensions, adjacent domains are magnetized to various directions and their actions are compensed or 

closed macroscopically. The situation is changed by action of external magnetic field Ho and material is 

magnetized macroscopically. The main mechanism of magnetization is shift of domain walls so, that 

domains, in which spontaneous magnetization was oriented in direction adjacent to field Ho, growes at the 

expense of all others. However the domain walls in materials doesn´t move by continuous reversible way, 

mailto:bretislav.skrbek@tul.cz
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but they typically jump from material fault to another one (giving so creation of well known effect of so called 

Barkhausen noise). If the external field intensity Ho is decreased the domain walls are returned to their initial 

sites, but they are prevented from continuous reversible moving and total return to original state by material 

inhomogeneities. The material doesn´t return to demagnetized state even after removing of field Ho, but it the 

macroscopy remanent polarization Ir remanis in it, its size is strongly dependent on preventing of moving of 

domain walls by material inhomogeneities. The crystaline grain boundaries, mechanical local stresses, 

dislocations and lattice defects are typical inhomogeneities and the size of remanent polarization Ir so saves 

information about their presence and quality. For this reason, (e.g. structure constituents, that contains 

cementite, martensite, numerous dislocations and grain boundaries) show high value of remanent 

polarization Ir [4]. The remanet polarization Ir, which occurs inside of material after attachment of external 

field Ho and its following sinking to zero, creates leakage field outside of magnetically open sample        

Hr = - m × N × Ir/m0  [A/m, 1, 1, T, H/m],                                 (1) 

where m is relative permeability of investigated material, N is demagnetizing factor, which characterizes both 

external and structure geometry conditions of sample (Fig. 1), Ir je remanent polarization of sample, which 

depends on size of magnetization field Ho and on inhomogeneities of tested site of product and m0 is 

vacuum permeability. The impulse magnetic field with intensity Ho, acts onto as-tested place of product. The 

shape of current impulse conducted to attachment force coil, eventually their exactly defined sequency, 

defines flow of parasite eddy currents (they can be used to suppression of negative effects of N) and 

structure selective sensitivity of method. The methods used in Russia and Czech republic are just 

fundamentally different in magnetization characteristics and by it in the aim of applications. The sensor of H r 

can be Hall or Főrster probe. The contribution of dHri of single grains of ferromagnetics to resulting value of 

Hr depends on shielding effect m and their distance ti from sensor 

Hr = Sm×ti×dHri                                            (2)  

Effect of single grains onto Hr sinks with increasing depth of penetration of magnetic field. In practice up to 

t=12mm. So the impulse energy is concentrated to smaller volume of grains for thinner walls. The Hr value 

up to Lkri value increases after experimentally determined model 

HrL = HrL=12× (81×L-3+1)                                             (3)  

3.  MAGNETIC STRUCTUROSCOPY 

Magnetic methods enable high productivity with high sensitivity to as-checked parameter. The magnetic 

impulsion method of checking of mechanical properties of flat products at manufaturing in metallurgical 

factories of Russia, Ukraine and Belorussia is also validated at company EKO Stahl (Germany) and VSŽ 

Košice. The equipment (marked as IMPOK, IMA) was developed by Institute o Physics of Nat ional Academy 

of Science of Belarussia. The impulsion magnetic field with intensity Hm acts onto as-tested site of product. 

The requirements of production checking is validated by determination of concrete values - after size Hrn 

gradient of remanent magnetic field intensity and formerly determined relation between Hrn and mechanical 

property. Benefits of impulsion magetizing against alternative (eddy currents) and direct: Obtaining of very 

high values of Hm without thermal effects in probe. Contacless action without effect of distance of probe from 

product surface, voltage and chemical composition on measuremet results is characteristic for this method. 

Balistic method of magnetization creates field Hm 3×103 up to 12×105 A/m. The magnetic induction 

measurement with escalated overmagnetizing for open samples were performed using "horse-shoe" head, 

on which was winded up both magnetizing and recording coils. Magnetically closed samples were 

magnetized by coil winded up just on sample and also recording coil was winded up just on as-measured 

material. This method of double measurement of identical structures enabled to test efficiency, sensitivity 

and reliability of measuring heads, their contact with sample surface, the fluctuation of results created by 

imperfection of used magnetic circuit and provided guideline to optimizing of measuring heads. These 
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measurements were accompanied by computer modelling of magnetic system using finite element method. 

Dependecies on HB showed maxima in region 500 °C always [5]. 

4.  EFFECT OF MAGNETIZING MODE ON MAGNETIC PARAMETER 

Results of experiments of products with thickness from 0,5 upto 30 mm with Ø195 mm from as-annealed 

steel St45, amplitudes Hm <2;10>×105A/m. The coil Ø 25×30 mm with 265 threads with internal hole for 

probe of magnetic field intesity Ø 

0,5 and 10ms at U = 0,05. Hm follows light increasing of Hrn value up to 4,8A/m2 for thin sheets 0,5 up to 1 

mm. Hrn increases to maximum and than decreases for thick samples. The maximum of Hrn with size 

2A/m2 is shifted with sample thickness to higher values of Hm 9×105A/m. The maximum Hrn 0.74A/m2 is 

shifted up to Hm 11×105 A/m after quenching. The value of Hrn m 

6x105 A/m and for higher values of magnetizing impulse Hm remains constant already. Eddy currents are 

created in surface of product at sharp pulse magnetization. The magnetizing with lesser induction is reduced 

by it in medium depths. The importance of normal component of coil field increases due the specific 

resistance decreasing, demagnetizing factor effect and eddy currents caused by steep leading edges of 

impulse. For this reason this dependence on tempering temperature has not monotonous course for larger 

thicknesses L of steels! 

5.  EFFECT OF GEOMETRY AND ORDERING OF PROBE AND PRODUCT 

Influence of marginal effect (position of probe at margin of product).Thin sheets L=0.5 mm can be measured 

without considerable deviation Hrn 25 mm from edge and for L30 mm 30 mm from edge. The value of Hrn 

decreases sharply exponentially with increasing thickness L from 0.5 up to 15 mm, above 15 mm Hrn 

remains unchanged. Effect of space h between probe or magnetizing coil and metallic surface of sheet is 

following. The linear sink of Hrn with increasing h (cívka h=0) creates the same relative error of 

measurement Hrn for sheet L 0,5mm (although absolute value Hrn is considerable higher) like for L 8 mm 

and for various magnetizations. Interesting courses were determined if probe with h=0 was delayed. Courses 

are changed with increasing intensity Hm. With increasing Hm 26×105A/m the Hrn is changed similarly 

like when increases only delaying h of probe. The slope of dependency is reduced, but at magnetizing Hm 

12×105A/m in the range h < r rises, Hrn has oposite course, but after it not. This anomal 

effect is caused by eddy currents. If h < -

mechanical properties can be measured without influence of delaying h (measurement error from h effect 

max. 2 %) at magnetic impulse intensity 12×105 A/m and described configuration of probe, due as described 

courses of dependencies Hm and Hrn. It can be measured through paints and isnsulating layers up to 3 mm 

thickness! 

6.  MEANS OF INPULSE MAGNETIC CHECKING 

The basic element of mentioned Russian instruments is air magnetizing attached coil with ferosond - 

gradientmeter in axis. Some variants contain complementary two sequential compensation coils enabling to 

expand limits of measurement Hrn up to 105 A/m2, lower temperature dependency to 0,015 %/K in 

range TC. Czech instrument DOMENA uses Hall probe for indication of Hr. 

IMA - This mark includes seven models of instruments (impulsion magnetic analyzer 2 to 5b). IMA 2 to 4a 

are intended for hardness checking, Rm, Rp and A of flat cold formed steels up to 4 mm thickness after 

annealing. IMA 5, 5a, 5b for thicker sheets. IMA5b enables preliminary demagnetization of as-checked 

region. It enables automatic selection of optimum magnetization amplitude for suppression of influence of 

delaying h. It enables measurement without disturbing effects of various layers up to 3 mm. 
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ILK (impulsion local checker) measures mechanical propreties of constructional steels for heat treatment 

(C>0.3 %). The temepering in temperture range 400 up to 600 °C follows after hardening of steel. 

Unambiguous dependencies of Hc, Hrn Hrn on tempering temperature cannot be achieved by classical 

method of point pole. However appropriate working mode was found which is giving definitely exact results 

of checking of heat treated steel parts. The key to success is demagnetization impulse Hmp, which owns 

lower intensity than main Hm and follows immediately after abatement of electromagnetic relaxation 

processes in material caused by main impulse. Hmp size is determined for most close dependence on 

tempering temperature of given steel. Positive results were obtained for steels up to 0.75 %C both unalloyed 

and alloyed by Cr, Ni, Mo, V, Si, Mn. 

DOMENA - instruments from this family are manufactured by ELKOSO. Ltd., Brno. They are suitable for 

hardness measurement of ferrite-pearlite structures of steels and cast irons with accuracy about 7 HB. It is 

impossible to measure over unprocessed surfaces even with some degree of oxidation. The measurement of 

hardened and tempered thick-walled steels (over 15 mm) showed monotonous course and useable 

correlation K only for weak magnetizations (M1): 

Degree of 

magnetization 

M7 M4 M1 

 Mean correlation  

K 

-0,43 -0,86 -0,93 

The closest correlation K = 0,985 for hardness of hardened and tempered steel 15 141 was obtained by 

measurement after gradual magnetization M7→4→1.  

7.  THICKNESS MEASUREMENT OF INDUCTION HARDENED LAYERS 

The capacitator direct current magnetization with cycles cca 1 Hz of instruments DOMENA enables 

evaluation of ferromagnetic layers with different coercitive force on ferromagnetic substrate upto 6 mm 

thickness. The Hrs value obtained by measurement on ferromagnetic substrate (high tempered martensite) 

is compared with Hrm value of martensite hardened layer of steel with given chemical composition. The 

evaluation diagram (Fig. 1) was obtained by measurement of samples with known hardening depth for 

crankshafts from steel 38Cr4. Hr 220/A is valid for sorbite structure. Hr sinks after hardening to 150 A/m. It is 

obvious low dependence on size of magnetization of penetration magnetic field into steel. The reliability of 

thickness diagnostics increases with size of difference between Hr on steel without layer and as-hardened 

steel.  

 

Fig. 1 Diagram for evaluation of hardening depth by magnetic spot method for magnetizations 6, 4, and 1A. 
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CONCLUSIONS 

The magnetic impulsion structuroscopy has its application regions that cover basic manufacturing programs 

of common metallurgy and mechanical engineering. They can complement the spectrum of applied 

defectoscopy methods in Czech Republic as well. 
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Abstract  

The hydraulic bulge test represents one of the basic tests to determinate not only material limit stages but 

also stress-strain curves for the relevant stress state. Results from the hydraulic bulge test can be used both 

for forming limit diagrams creation and also as an important input data for numerical simulations. The basic 

stress-strain curves measured by the hydraulic bulge test thus corresponds to the equi-biaxial stretching. 

Moreover, position of point which corresponds to the hydraulic bulge test for relevant material can be also 

used in the yield criterions. In this paper was used quite new yield criterion according to Vegter (Vegter yield 

criterion) which relatively accurately matches to the deformation behavior of highly anisotropic materials. Not 

only for this reason there is a rapid increase of using this yield criterion - namely in the automotive industry.  

Keywords: Hydraulic Bulge Test, Vegter Yield Criterion, Photogrammetry, Numerical Simulations 

1. INTRODUCTION 

The hydraulic bulge test represents one of the possibilities how to evaluate mechanical properties of the 

tested material under equi bi-axial stress state. Quite often it is compared with the static tensile test which 

loaded material under uni-axial stress state. Great interest about the hydraulic bulge test is due to reality that 

it´s possible to determinate true stress-strain curve already after achieving the ultimate strength. There were 

two main efforts of this paper. The first one was to introduce possibility to measure the hydraulic bulge test 

by means of the contact-less optical system - see chap. 2. The second goal (and probably the more 

important) was to introduce the new plasticity law (so called Vegter yield criterion) and underline the 

importance of bi-axial reference point position for this new material model. The Vegter yield criterion has 

already started to be used e.g. in the software PAM-STAMP 2G because it enables to compute deformation 

behavior of many materials which have high planar anisotropy and are not able to be computed by common 

plasticity laws - especially aluminium alloys as e.g. EN AW 5754. In the Table 1 are summarized mechanical 

properties of the deep-drawing material DC05 which was used in the hydraulic bulge test. 

Table 1 Mechanical properties of the tested deep-drawing material (DC05) - static tensile test 

Rolling 

direction 

Standard EN 10 130 + A1:2000     σ=C*φ^n     φ<0.1;0.2> 

Strength coefficient Strain hardening exponent 

(° ) C (MPa) n (-) 

0° 490.024 0.225 

45° 498.154 0.218 

90° 455.949 0.210 

mailto:jiri.sobotka@tul.cz
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2. THE HYDRAULIC BULGE TEST 

The hydraulic bulge test is a method to test sheets under the equi bi-axial stress state (tension). A thin disc is 

clamped around the edges and subjected to increasing fluid pressure on one side as illustrated in Fig. 1. As 

the sheet bulges, the region near the dome becomes nearly spherical [1]. Whole test is scanned by couple of 

cameras (via ARAMIS system). So tensile stresses (σ1, σ2) can be calculated according equation: 

 
(MPa)              (1) 

 

where: p -  pressure    (MPa) 

 R -  radius of curvature  (mm) 

 t -  actual thickness  (mm). 
 

Values of true strains (major strain φ1, minor strain φ2 and strain in thickness direction φ3) are computed 

directly from the contact-less optical system ARAMIS. Actual thickness t can be derived from 

equation: 

(mm)                 (2) 

where: t0 -  initial thickness   (mm) 

 φ3 - strain in thickness direction (mm). 
 

However, due to equi bi-axial stress state there have to be used values of effective stress σi (MPa) and 

effective strain φi (-). The equi bi-axial stress state can be calculated from equation: 
 

(MPa)                        (3) 

 
(-).           (4) 

 

 Fig. 1 Schematic of the Bulge test with the contact-less optical system ARAMIS 

Using the contact-less optical system for the hydraulic bulge test has a lot of advantages. There is quite high 

accuracy, it is possible to evaluate stage rigth before the fracture or e.g. to follow any stage point during the 
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whole test. Thus for every used pressure it is possible to compute the corresponding position of measured 

stage point on the stress-strain curve. In addition to that there is quite very easy possibility to measure the 

radius of curvature R (mm) for every moment during the testing - see Fig. 2.   

  

 Fig. 2 Initial stage (left) and stage right before the fracture (right) with best-fit sphere 

After own measurement there is postprocessing phase. During this phase there are computed all scanned 

stages which thus reveal all required strain values (e.g. major, minor, Tresca and so on). From all such 

results (major strain, minor strain, radius of curvature, actual pressure and actual thickness) it´s then 

possible to determinate the required stress-strain values as it´s shown in the Fig. 3 for material DC05. Is has 

to be taken into account that the stress-strain curve is important itself but can also serve as an input data for 

calculation the position of so-called Bi-axial reference point (Bi-axial) in the Vegter material model [2]. 

 

 Fig. 3 Deep-drawing material DC05 - the hydraulic bulge test and its fitting by the Hollomon equation 
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3. THE VEGTER YIELD CRITERION (VEGTER PLASTICITY LAW) 

There are quite a lot of different plasticity laws (yield criterions) which are commonly used at forming 

numerical simulations. For the isotropic materials are probably the widely used all over the world the Tresca 

yield criterion and HMH (Huber - von Mises - Hency) yield criterion. [3] In the area of the anisotropic 

materials are commonly used plasticity laws as Hill 48, Hill 90, Barlat 89, Barlat 91 or BBC2005 (Barnabic). 

However in some cases none of them seem to be suitable. That is true mainly for material which reveals high 

planar anisotropy (as can be especially some aluminium alloys). So there is effort to involve new yield 

criterions and one of them is marked as Vegter yield criterion (Vegter plasticity law) - see Fig. 4.   

  

 Fig. 4 Required tests for the Vegter material model (left) and for the Vegter Lite material model (right) [4] 

In the Fig. 4 (left) are shown all required tests which have to be carried out for using the Vegter material 

model. There are 9 tests and 17 parameters. That is quite a lot. Thus there is possibility to carry out only 3 

tests (static tensile test, hydraulic bulge test and measurement of the anisotropy). In this case such material 

model is marked as Vegter Lite - see Fig. 4 (rigth). From every test (static tensile test and hydraulic bulge 

test) is determinate the precious position of reference points (Uni-axial and Bi-axial, respectively) as it is clearly 

shown in the Fig. 5 (left). After such measurements there is calculation of Vegter Lite material model itself. It 

starts with using values of planar anisotropy to construct normals to reference points - see Fig. 5 (center). 

These normals are then used for the construction of tangents to the Vegter Lite material model - see Fig. 5 

(right). Finally there is used Bezier interpolation between the reference points where hinge points (as 

intersections points from the known slopes in these reference points) are also involved. [4]  

   

 Fig. 5 Bezier interpolation between the reference points for the Vegter Lite material model [4] 
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4. THE VEGTER MATERIAL MODEL AND NUMERICAL SIMULATIONS 

These days the Vegter material model has already started to be an integral part of important numerical 

simulation software. That´s why there was carried out quite simple comparison of two plasticity laws (Vegter 

and Hill 48) for simple rotary cup by means of the software PAM-STAMP 2G. In the Fig. 6 is shown material 

data entry (mainly value of Bi-axialfor these two plasticity laws for the aluminium alloy EN AW 5754.     

 

 Fig. 6 Software PAM-STAMP 2G - material data entry for the both used plasticity laws 

At first sight it is obvious that Hill 48 is much simpler than Vegter. For this material model it is necessary just 

to carry out static tensile test and measure material anisotropy. But is seems to be not enough especially for 

material which have high anisotropy (as some aluminium alloys). From the Fig. 7 (right) which shows the 

major strain distribution, it´s obvious that there´s truly collapsing of elements in walls of cup. On the contrary, 

Fig. 7 (rigth) shows result from Vegter material model for the same material (EN AW 5754) and there is 

totally different behavior. There isn´t any collapsing of elements and tested material seems to has good 

formability. 

     
 Fig. 7 Major strain distribution from FEM with using Vegter Lite (left) and Hill 48 (right) plasticity laws 
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5. CONCLUSION 

There were two main efforts of this paper. The first was just about to introduce the possibility to measure the 

hydraulic test by means of the contact-less optical system (in this case was used the system ARAMIS). This 

was done in the chap. 2 where the final Fig. 3 shows the stress-strain curve from the hydraulic bulge test for 

the deep-drawing material DC05. As it was already stated before, such stress-strain curve does not serve 

only as input material data (under the equi bi-axial stress state) for numerical simulations but can be also 

used for determination the position of the reference point in the Vegter yield criterion - in this case the 

reference point marked as Bi-axial. This fact can be taken as a small “bridge” to the second effort of this paper 

which dealt with the introduction of new plasticity law - Vegter yield criterion. Position of this reference point 

in truly very important to have relevant result of this Vegter material model and that is why there is a great 

interest in measurement procedure for such point (Bi-axial). As it was already mentioned before, the Vegter 

yield criterion represents quite new plasticity laws. Since currently using plasticity laws for anisotropic 

material (Hill 48, Hill 90, Barlat 91 or e.g. BBC2005) are not able to properly compute especially highly 

anisotropic material sometimes, the Vegter yield criterion tries to get over these problems via involving new 

range of test and also via new mathematical models. These approaches were shortly described in the chap. 

3 and chap. 4, where were also compared results from the Vegter and Hill 48 material models. From this 

comparison it is obvious that Hill 48 is quite inadequate for tested material (aluminium alloy EN AW 5754). 

The Vegter Lite material model revealed better results and in the Fig. 8 is shown final graphical comparison 

of these results with the truly measured (real) strain which was measured by the optical system ARGUS. It is 

obvious that Vegter Lite material model is truly very close to reality. However, quite a lot of tests have to be 

carried out to prove such first results. Nevertheless, the Vegter material model is going to be widely used.      

  
 

Fig. 8 Comparison of the major strain distribution from FEM (Vegter Lite material model) and ARGUS system 
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Abstract  

The bore expansion test (or test acc. to Siebel and Pomp) represents one of the most common technological 

tests for monitoring the influence of shearing clearance adjustment on the material sensitivity to cutting 

technologies. Great interest in this technological test arises mainly from the stamping tools producers and 

press shops in the engineering industry. This paper deals with the measuring of the bore expansion test by 

means of the modern optical systems which enables contact-less deformation measurement. To be specific - 

in this case was used the system ARAMIS by which was measured the bore expansion test for different 

adjustment of the shearing clearance. The goal was to increase accuracy of the bore expansion test namely 

with regard to the definition of material limit stage. Results from the experimental part can be used mainly at 

tests of for testing new stamping tools or different materials.  

Keywords: Bore Expansion Test, Shearing Clearance, Photogrammetry, Stamping Tool 

1. INTRODUCTION 

The bore expansion test represents one of possibilities how to evaluate material sensitivity to the cutting 

technologies. At this test the main interest is about the deep-drawing materials. That is why one of them (to 

be specific: HX220BD Z 100 MCO; thickness 0.65 mm; producer: Salzgitter) was used in the experimental 

part of this paper. In Table 1 are summarized all important mechanical properties of the tested deep-drawing 

material. The main effort was to carry out the bore expansion test under two different approaches and then 

to compare results and evaluate benefits arising from both testing method. The first one can be named as 

conventional because it was done by common manual measurement. The second one consisted in using the 

contact-less optical system ARAMIS for the bore expansion test. Such “new ARAMIS approach” revealed 

both benefits and disadvantages. The experimental part of this paper thus served as testing possibilities to 

measure the bore expansion test by means of the contact-less optical system ARAMIS.  

Table 1 Mechanical properties of the tested deep-drawing material (HX220BD Z100 MCO) 

Rolling 

direction 

Basic mechanical properties of HX220BD Z100 MCO 

Yield Strength 
Ultimate 

Strength 
Ductility 

Strain hardening 

coefficient 

Normal 

anisotropy 

coefficient 

(° ) Rp02 (MPa) Rm (MPa) A80mm (%) n (-) r-) 

0° 253 358 35.2 0.182 1.15 

45° 262 369 31.4 0.175 0.89 

90° 254 359 34.7 0.184 1.43 

mailto:jiri.sobotka@tul.cz
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2. THE BORE EXPANSION TEST - MANUAL MEASUREMENT 

The bore expansion test belongs among so-called technological tests. Its goal is to determinate the influence 

of the different shearing clearance influence on the material sensitivity to shearing technologies [1]. Thus first 

of all there is necessity to prepare samples with different value of the shearing clearance. Commonly there is 

set of punches with six different shearing clearances at least. The testing sample is than round sheet with 

the bore in the center. In the Fig. 1 is shown principle of the bore expansion test. Tested sample (grey color) 

is placed between upper and lower blank-holder (bright blue and pink color, respectively) and it´s loaded till 

fracture by the movement of the cylindrical punch (dark blue color). 

 

 

 

 

 Fig. 1 The bore expansion test 

The own measurement of the bore expansion test is quite simple. There is movement of the punch till the 

fracture. Before testing there is measurement of the initial diameter d0 (mm) and after the testing there is 

the final diameter df (mm). From these values strain is subsequently calculated. To be more specific the 

tangential (circumferential) limit fracture strain tng (-) which can be expressed as: 

 

        (1) 

In the Fig. 2 are shown photos of the tested samples after the bore expansion test (already with the 

fracture). There are examples for the lowest shearing clearance (ms = 0.01 mm) and the highest one (ms = 

0.4 mm). At first sight it´s obvious the great influence of shearing clearance adjustment. In this case the 

measurement was carried out manually by means of the digital calliper. This “conventional” approach is very 

fast and simple mainly about samples preparation. On the other hand it strongly depends on the worker´s 

experience to stop testing (movement of the punch) in the moment which corresponds to the situation rigth 

after fracture. 

 

 Fig. 2 Manual measurement of the bore expansion test (samples after testing) 

 
0
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Table 2 The Bore Expansion Test - results from the manual measurement 

Tangential 

Strain 

tng (-) 

Shearing clearance ms (absolute values and Pct from the material thickness) 

ms (mm) Absolute values 

0.01 0.08 0.16 0.24 0.32 0.4 

ms (%) Pct from the material thickness  

1.54 12.3 24.6 36.9 49.2 61.5 

0.511 0.499 0.466 0.371 0.196 0.157 

In the Table 2 are summarized the results of the bore expansion test measured manually. There are six 

different shearing clearances adjustments. There are two possibilities how to express shearing clearances. 

The first rests in using just the absolute values (mm) for half-distance between die and punch. The second 

one is given as the ratio of shearing clearance and tested material thickness (%). In this experiment we used 

just six different punches (six different shearing clearances). As en etalon there is commonly used machined 

(grinded) sample. Results after such manual measurement of the bore expansion test are in graphic form 

shown in the Fig. 3. At first sight it is obvious that with increasing shearing clearance there is decrease in the 

tangential strain values. Actually it is description of the material sensitivity to shearing. The difference 

between the lowest used shearing clearance (ms = 0.01 mm) and the highest one (ms = 0.4 mm) is c. 69 %. 

There is also obvious rapid decrease between ms = 0.16 mm and ms = 0.32 mm. It seems to be quite high 

sensitivity to shearing but on the other hand it has to be underlined that such behavior is really typical of 

deep-drawing materials. There is a little different behavior at testing e.g. ultra high-strength steels 

(martensite steels, dual phase steels and so on). These materials do not have maximal values of strain at 

minimal shearing clearance but they reveal optimal behavior under optimal shearing clearance which can 

varies between 5-12 % of material thickness [2]. Surely it is also interesting to test materials which were cut 

by the unconventional methods (water jet, laser, plasma and so on). Under such conditions there is strong 

influence of the heat affected zone and at edges is commonly measured also hardness [3].  

                     

Fig. 3 Results of the bore expansion test - manual measurement 

3. THE BORE EXPANSION TEST - MEASUREMENT BY THE OPTICAL SYSTEM ARAMIS 

The main effort of this experiment was (in addition to the common manual measurement) to carry out 

measurement of the bore expansion test by means of the contact-less optical system. In this case was used 
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system ARAMIS from the company GOM. There was a strong presumption that using optical system could 

raise the accuracy. Whole system (cameras, trigger, PC) was adjusted to be used rigth in the hydraulic press 

CBA 350 - see Fig. 4 (left). The ARAMIS system setting (calibration volume, distances, shutter time and so 

on) was very similar to that one which is commonly used at measurement the forming limit diagrams. 

  

 Fig. 4 Lay-out of the measurement place (left) and stage 0 (right) 

After proper calibration of the cameras by means of the calibration panel there was quite simple preparation 

of the testing samples. Firstly they were degreased and subsequently the truly stochastic pattern was 

applied via spraying white and black color. Such stochastic pattern is the crucial to measure reliable results 

because the ARAMIS system during scanning the whole test at given frame rate just divides all tested area 

into so-called facets (px) - see results in Table 3. Each of these facets has to be unique and that is why it is 

necessary to have stochastic pattern. The deformation measurement is subsequently based on the 

monitoring of the precise position of these facets. Fig. 4 (right) and 5 than illustrate the whole common 

testing procedure by using the contact-less optical system ARAMIS for the bore expansion test.  

  

 Fig. 5 Application of mask (left) and stage rigth before fracture 
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Table 3 The Bore Expansion Test - results from the measurement by the optical system ARAMIS 

Tangential 

Strain 

tng (-) 

Shearing Clearance ms (absolute vales and Pct from the material thickness) 

ms (mm) Absolute values 

0.01 0.08 0.16 0.24 0.32 0.4 

ms (%) Pct from the material thickness  

1.54 12.3 24.6 36.9 49.2 61.5 

0.584 0.577 0.546 0.431 0.289 0.248 

In the Fig. 4 (rigth) on the previous page one can see the initial stage (stage 0 - initial position) where the 

testing sample was just placed between blank-holders. Stage 0 is very important for the deformation 

measurement by optical system because it is taken as unloaded stage. Fig. 5 (left) then corresponds to the 

situation where so-called mask (blue area) was applied. This mask just specifies the areas which are 

supposed to be calculated (without mask) and which are not. Thus it is possible to lower the whole 

calculating time. After application of mask and definition of start points, the own calculation is started. As it 

was already mentioned before, this calculation is based on the facets displacement. Thus the whole test at 

given frame rate is calculated. Fig. 5 (rigth) shows the strain distribution in the moment rigth before the 

fracture (last stage before fracture creation). Because of more detail such distribution is also shown in Fig. 6. 

This conditions correspond to the shearing clearance ms = 0.01 mm (or 1.54 % of the material thickness). 

There were tested 5 samples for every shearing clearance. The results can be found in the Table 3. 

  

Fig. 6 Strain distribution rigth before the fracture (ms = 0.01 mm) 
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4. CONCLUSION 

There were two main efforts of this paper. The first was just about to determinate the possibilities by using 

the contact-less optical system ARAMIS at the bore expansion test because such combination has not been 

used in the Czech Republic yet. The conclusion about this part is quite simple and expected. It is a little bit 

more sophisticated and time-consuming procedure than manual measurement. On the other hand it seems 

to have higher accuracy although system ARAMIS is not able to compute strain distribution till the edge of 

the testing sample. The second goal was to compare strain values which were measured manually and by 

contact-less optical system ARAMIS. The results were presented in the previous pages by table 2 and 3. In 

the Fig. 7 is shown graphic comparison of these results. Both methods revealed the same shape of curve 

when results from ARAMIS system are always about 0.7 higher than results from manual measurement. Due 

to that reality is seems that “ARAMIS” results really revealed a higher accuracy because such approach is 

able to evaluate strain distribution in the moment right before fracture. Thus it is possible to state that if there 

is necessity e.g. just to compare two materials from the sensitivity to shearing point of view, it can be done 

just manually. But if there is effort both to measure influence of shearing and also determinate the true limit 

stage of tested material, it should be done by the optical system. Surely the situation can change a little at 

testing e.g. ultra high-strength steels but we do not expect totally different deformation behavior. 

        

Fig. 7 Comparison the bore expansion test measurements (manually and by the optical system ARAMIS) 
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Abstract 

High-temperature martensitic steel P91, internationally marked GX12CrMoVNbN91, is the material used in 

the energy industry. Creep and high-temperature corrosion resistances are important properties that affect 

the application of this material at higher temperatures. Weldment reduces creep properties, this work deals 

with the quantification of this decrease in the case of material P91. The main focus is except the evaluation 

of creep test results given to the mathematical description of the weld creep strength reduction. Further 

metallographic analyses of weld joint after creep exposures were performed. 

Keywords: creep, weldment, Weld Strength Factor, martensitic steel P91  

1. INTRODUCTION 

The core properties influencing the material application at higher temperatures include creep resistance and 

high-temperature corrosion resistance. In the power industry, low-alloy bainitic steels (up to 580 °C), 

martensitic steels (up to 650°C) and for higher temperatures the austenitic steels and nickel- or cobalt-based 

creep resistant alloys meet the above-mentioned requirements. We will deal with the creep resistance of the 

cast martensitic steel, alloyed with 9Cr, 1Mo and other elements, which is known under the designation P91. 

We will primarily concentrate on weld characteristics and our goal will be to describe the dependence of 

strength coefficient on creep exposure conditions. The weld joint represents a structural non-homogeneity in 

the material, or the weak point influencing resistance to damage mechanisms. This fact is more and more 

intensive with the increase of temperature and exposure time. 

2. TESTED MATERIAL DESCIPTION  

The cast steel was produced at ŽĎAS a.s., Žďár nad Sázavou. This material, internationally designated 

GX12CrMoVNbN91 and supplied for testing under the heat No. 278719, must meet the requirements 

according to the standard C12A ASTM A217 [1] from the point of view of chemical composition and 

mechanical properties at room temperature. As it is obvious from the Table 1, the test material meets such 

requirements.For the sake of completeness of the description, we add that the basic characteristics at room 

temperature were tested on the material after thermal processing using the procedure 1070 °C/15h/rapid 

cooling with air +760 °C/15h/air.  

The material of the heat No. 278 719 was used for fabrication of the panel, with dimensions 100x400x600 

mm after machining. The panel was cut and after that welded in position PF from one side and position PC 

from the other side [2]. For welding in PF and PC positions, the electrodes supplied by the Böhler Company 

were used. The PF weld was created by means of FOX C9MV electrodes with diameters from 2.5 up to 5 

mm; the PC weld was created by means of FOX C9MVW electrodes with diameters from 3.2 up to 5 mm. 

The weldment was then heat treated in order to eliminate internal stress. The methods applied were 

ultrasonic, X-ray and magnetic methods. The above-mentioned methods demonstrated that the weld joints 

do not contain any undesirable defects. The specimens for testing the welds were prepared in such manner 

that the heat affected zone (HAZ) was in the middle of the gauge length. 

mailto:vlasak@svum.cz
mailto:jan.cech@zdas.cz
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Table 1 Basic material information 

C
h
e
m

ic
a
l 

c
o
m

p
o
s
it
io

n
  C Mn P S Si Cr Mo V Nb N Al Ni 

Min. 0,08 0,30   0,20 8,00 0,85 0,18 0,06 0,03   

Max. 0,12 0,60 0,02 0,01 0,50 9,50 1,05 0,25 0,10 0,07 0,04 0,4 

Tav. 278 719 0,11 0,52 0,018 0,002 0,4 8,95 0,98 0,21 0,079 0,0375 0,01 0,33 

Minimal required properties at room temperature 

Rp0,2=415 MPa, Rm=585 MPa A=18 %, Z=45 % 

Real properties of heat No. 278 719  

Rp0,2=509 MPa, Rm=672 MPa, A=20 %, Z=64 % 

3. CREEP PROPERTIES OF BASE MATERIAL 

The creep properties were tested at temperatures from 550 up to 700 °C and stresses from 40 up to  

240 MPa. The longest test ended by specimen rupture achieved 21,430 h. The results of our tests were first 

compared with the data in literature.  

To this purpose, the publication of J.Halda [3] from 2005 was used, in which 9 heats tested at temperatures 

from 500 up to 650°C till times of rupture 105h were evaluated. The creep resistance of has been evaluated 

using the Larson-Miller method: 

2

321 LMLM
PAPAA log  (1) 

where   

PLM = T.(log tr+A4),  is stress (MPa), T is 

temperature (K), tr is time to rupture (h) a A1-A4 are 

material constants.  

For the evaluation, the constant A4=30 was applied, 

which occurs in literature in case of the steel P91 

the most frequently. The creep resistance 

evaluated as above-described is plotted in Fig. 1 in 

a solid line. Besides, the stress scatter limits ±20 % 

are shown. Our results are symbolized in this 

figure by points. It is obvious that our values range 

near the course of mean values of the literary 

curve. In no case were they occurring beyond the 

±20 % limit. Thus we can state that the heat No. 

278 719 monitored by us shows a creep resistance 

fully comparable with literary data. 

Then, the base material creep properties were 

evaluated by means of the relation (1), and the 

following values were determined: 

A1=2.18408761E-01 A2=2.51646647E-04 

A3=-6.39204353E-09 A4=30 

Stress dependence on test temperature and achieved 

times to rupture is depicted in Fig. 2. Moreover, this 

Fig. 1 Comparison of own results and literature data 

 

 

 

 

 

Fig. 2 Creep strength of P91 base material 
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figure also shows the areas of the curve in which we will occur unless the temperature exceeds 625 °C and 

the service life 2x105h. Good pertinence of the experimental results to the service life curve is obvious. 

4. INFLUENCE OF THE WELD JOINT ON CREEP RESISTANCE 

4.1 Weld Joint CREEP Resistance 

The creep properties of the weld joint created by both technologies PC and PF were monitored again at 

temperatures ranging from 550 up to 700 °C and stress from 45 up to 230 MPa. During the longest test more 

than 23,000 hours have been achieved so far. The results of experiments have again been evaluated by 

means of the equation (1). The following values of 

coefficients were determined: 

A1=4.40245592E+00 A2=-3.26402746E-05  

A3=-1.63930529E-09 A4=30 

The weld joint creep resistance is compared with 

the base material (where the experiment results are 

no longer marked) in Fig. 3. It is obvious that the 

character of both curves is identical at lower 

temperatures and stresses. However, at the 

approximate value of PLM=27,000, characterizing 

higher test parameters, the curve of weld joints is 

beginning to decline compared to the basic material. 

The differences between the results of PC and PF 

technologies were not obvious and therefore we will 

assess them as the only set of data. 

4.2 Mathematical Description of Weld Strength Reduction  

Reducing the weld joint creep resistance with the period and temperature of exposure can be expressed by 

strength coefficient that represents the relation of creep resistance properties of weld joint and basic 

material. To this purpose, the below-mentioned relation is applied [4]:  

TtR

TtwR
tWSF

u

u

//

//)(
)(  , (2) 

Where: WSF(t)  is a reduction coefficient of the weld joint strength, 

Ru(w)/t/T is creep rupture strength of weld joint at temperature T and time to rupture t, 

Ru/t/T is creep rupture strength of basic material at temperature T and time rupture t. 

In order to express WSF we have applied the mathematical description which was applied earlier [5-7]. The 

description is as follows:  

 

  311
21

S

r
tSStWSF



 lnexp)(

, (3) 

Where: S1= s11+s12.T+s13.T2,   lnS2= s21.exp(s22.T),  S3= s31.exp(s32.T), 

 T is temperature (K), tr is time to rupture (h), s11,s12,s13,s21,s22,s31,s32 are material constants. 

The time and temperature course of WSF is for the cast steel P91 with the weld illustrated according to the 

model (3) in Fig. 4.  

  

Fig. 3 Comparison of creep strength of P91 base 
material and weldment 
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 Fig. 4 Creep strength decrease of P91 steel weldment 

5. ANALYSIS OF FRACTURES 

Specimens with weld after creep exposure 550°C/230MPa/105,25h (YT 98), 600°C/140MPa/601h (YT 75), 

650°C/60MPa/1460,25h (YT 77) and 700°C/45MPa/1275h (YT 102) (see Fig. 5) were chosen for fracture 

study. Samples were after application of usual 

methods of grinding and polishing, etched with the 

chemical agent Vilella - Bain. For sample after creep 

exposure 550°C/230MPa/105h, the rupture was in 

the base material. The case of samples after 

exposures 600°C/140MPa/601h and 

650°C/60MPa/1460h is a different situation. Here, 

the weld joint already influences both the creep 

service life. The ruptures are located in the 

intercritical area on the boundary of the base 

material and HAZ. Fracture in HAZ of specimen after 

creep exposure 600°C/140MPa/601h is 

demonstrated in Fig. 6. They are examples of 

typical fractures that can be anticipated in 

technically important cases. The rupture of the sample after exposure 700°C/45MPa/1275h occurred in the 

weld. However, this creep exposure is already beyond the technical interest. 

 

 Fig. 6 Typical fracture in HAZ 

Fig. 5 Specimens chosen for fracture analyses 
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6. CONCLUSION 

The objective of the work submitted was to test the weld joint creep resistance decrease in comparison with 

the base material of cast steel P91. This activity resulted in the following knowledge: 

1) Decrease of creep resistance with the time and temperature of exposure for the weld joint is faster 

than for the basic material. This difference is apparent from Fig. 2. 

2) Strength reduction of the WSF weld can be described mathematically. Fig. 3 shows dependence of 

WSF on the time to rupture at different temperatures. 

3) At short exposures the creep rupture is either in the basic material or out of the weld joint. In case of 

technically important exposures, however, the weak point of the structure is the area between HAZ 

and the basic material. 
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COMPARISON OF RESULTS CORRELATIONS OF THE STEELS P91, P92 AND 15 313 AFTER 

CREEP SP TEST 

Josef VOLÁK, Zbyněk BUNDA, Eva CHVOSTOVÁ 

 Research and Testing Institute Plzen Ltd., Pilsen, Czech Republic, EU  

Abstract 

This paper describes results of three types of steels after Small Punch creep tests. For the experiment three 

types of materials were chosen, which are used for most components of the power plants. In the article are 

shown correlations between traditional creep tests and small punch creep tests. One of the aims of this 

research was to determine correlation parameters for investigated steels and compare them. Comparison of 

the parameters can also contribute to better assessment of the residual lifetime of the power plant 

components. 

Keywords: Creep test, Small punch creep test, correlation, power plant 

1. INTRODUCTION  

Assessment of remaining lifetime represents a very complicated problem, which needs the knowledge of 

degradation processes in the material of a component, and also the service conditions of the components, 

e.g. way of loading and the influence of the surrounding environment. There is a common interest to operate 

the produced components as effectively as possible and thus as long as possible without reducing their 

safety and reliability, what could cause economic and human losses. This is a problem of safe operation and 

its prolongation in justifiable cases. 

As a result of new modern and more resistant materials development, the general interest is to be able to 

evaluate the extent and rate of degradation processes at various service conditions, mainly to prevent the 

components from brittle fracture. The goal even in the stage of a component design is to guarantee their 

long-time operation. At present, the assessment of component material microstructure is one of the methods 

that makes it possible to evaluate its remaining lifetime. 

It is thus important to be able to evaluate the extent of material mechanical properties degradation as a result 

of various service factors and the elaboration of methods for its assessment. 

2. STEEL SA 213-T22 (ČSN 15 313) 

Samples of the material SA 213-T22 are made from the boiler tubes after operation (approximately 174000 

operation hours). The microstructure of the steel SA 213 T22 is combined by fearrite and broken pearlite. 

The carbides are uniformly distributed in the grains. Carbides were also excluded at the grain boundaries, 

where creates a net along the grain boundaries. Microstructure of the material corresponds to the number of 

operational hours - see Figs. 1, 2. 
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 Fig. 1 Steel SA213-T22 (15 313), material of the 

boiler tube after operation, place of broken pearlitte 

 Fig. 2 Steel SA213-T22, material of the boiler tube 

after operation, carbides on the grain boundaries 

From the steel SA213-T22 were made creep test samples and also SP creep test samples. Both tests were 

made at the teperature 580 °C. The aim was to assess the correlation parameter between creep test results 

and SP creep results - see Fig. 3. After performed tests this parameter was calculated and its value for the 

material SA213-T22 is 4. From the graph is visible, that the curves have the same or very similar curvature. 

Correlation parameter represents the distance between creep test results curve and SP creep test results 

curve.  

 

 Fig. 3 Results of creep tests (purple) and SP creep tests (green) of the steel SA 213-T22 compared with 

values according to the standard  
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The green points shows the results of the SP creep test of the material SA 213-T22 after use, red points 

shows the results of creep tests of the base material SA 213-T22 according to standard, purple points shows 

the results of creep tests of this material after operation.  

3. STEEL P91 

In the microstructure of the steel P91 (Figs. 4 and 5) tempered martensite with uniformly distributed carbides 

was observed. There were found no defects in the microstructure. The samples were made from new 

manufactured material without use. The creep properties of the material P91 were found out after the 

performed creep tests and SP creep tests - see Fig. 6. The correlation parameter based on the creep test 

and SP creep test results was counted and its value is for material P91 2,2. 

  

 Fig. 4 Steel P91  Fig. 5 Steel P91 

 

 Fig. 6 Results of creep tests (black points) and SP creep tests (red) of the steel P91 compared with values 

according to the standard (yellow) 
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The red points shows the results of the SP creep test of the material P91 without use, yellow points shows 

the results of creep tests of the base material P91 according to standard, black points shows the results of 

creep tests of this material.  

4. STEEL P92 

The steel P92 was analysed also using light microscope (see Figs. 7 and 8). Subsequently, creep tests have 

been done. The SP creep tests are not finished yet. Therefore is not possible to count the correlation 

parameter. In the microstructure of the steel P91 was observed tempered martenzite with uniformly 

distributed carbides. There were found no defects in the microstructure. Some realised results are presented 

in Fig. 9. 

  

 Fig. 7 Steel  Fig. 8 Steel 

 

 Fig. 9 Results of creep tests (blue and green points - longitudinal and cross cut) of the steel P91 compared 

with values according to the standard (red), SP creep tests are still going on 
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The red points shows the results of creep tests of the base material P91 according to standard, other points 

shows the results of the creep test of the material P92 without use (cross and longitudinal cut). A SP creep 

test results are not performed yet. 

5. CONCLUSIONS 

From the results of the tests is obvious the same trend of curves of SP creep tests and traditional creep 

tests. Unfortunately there is no possibility to determine simple correlation dependence between these 

results. 

Creep tests and also SP creep tests were carried out by temperature 580 °C. The level of loading of the 

sample was different at each specimen. Results are shown in the graphs in the article. 

The correlation parameter (ratio of stress - creep test to force - SP creep test) of the steel SA213 T22 is 4. 

Correlation parameter for the steel P 91 is 2,2. From these results is visible, that the correlation parameter 

depends on type of tested material and also on state of material (newly manufactured or after operation). 

In case of the material P92 are the SP creep test not finished yet. Therefore they are not shown in the 

picture. Now is clear to see that the correlation parameter of P92 will be different from the other materials. 

There is not possible to determine the same dependence only from the knowledge of the SP creep tests. For 

the future is necessary for determining residual lifetime based on the SP creep tests to know the correlation 

parameters for each material and of course for the material after operation. 

Based on the performed tests it implies, that the correlation parameters are not the same. Therefore it is 

necessary to compare SP creep tests and traditional creep tests in different degradation states. After 

knowledge of these data will be done the database of the creep and SP creep results and its correlations. 

The traditional creep test can be then replaced with SP creep test. The main condition is to create database 

of results based on cooperation of different creep laboratories. 
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Abstract  

Texture of samples, taken from recrystallized HS-IF steel, was analyzed via EBSD method. The beginning of 

texture-related modifications was not in accordance with mechanical properties’ modification. More 

prominent texture modifications were recorded at annealing temperature higher than 750oC. Severe 

softening was observed at such temperature because the recrystallized ratio reached 90 %. After annealing 

at higher temperature, higher amount of grains with orientation {111} was observed, at the expense of 

orientation {100}. The first recrystallization nuclei were created in places with orientation {111}, where the 

highest energy during cold forming was stored; the nuclei had orientation {111}. Due to in situ nucleation the 

original orientations were conserved. It appears that oriented growth mechanism starts only after oriented 

nucleation mechanism is depleted. 

Keywords: texture, recrystallization, high strength interstitial free steels, HS-IF 

1. INTRODUCTION  

Texture is, along with mechanical properties and microstructure, one of basic characteristics of steel sheets. 

Use of sheets in many cases depends on their texture - preferential orientation that describes anisotropic 

properties of materials. Proper texture is very important when speaking of deep-drawing steel grades, 

transformer sheets, and etc. Each end use usually has so-called ideal structure defined. Optimum texture of 

light-gauge sheet for stamping is {111}<uvw>. The texture type and anisotropy are mostly related to planes 

{111} - these should be the ones that are primarily present in rolling plane. Common direction record means, 

that primary crystallographic direction in respect to rolling direction is not desired. That means that in a sheet 

plane, the crystallographic planes {111} should be randomly rotated, in respect to rolling direction, so that 

none of potential directions of plane {111} should prevail - the most common directions are <112> and 

<110>. In this context it is necessary to mention the need of recording of texture {111}<uvw>. Although in the 

recording there is a preference of plain {111} in sheet plain, it does not really influence deep-drawing 

properties of sheets. What matters is its perpendicular direction <111>, which is the strongest in BCC lattice, 

so that it should be oriented perpendicularly to sheet plain to prevent distortion of sheet. The relation 

between plain {111} and its perpendicular <111> with the same Miller indexes is defined by crystallographic 

law. Since, on the other hand, the direction <100> is the “weakest” in the BCC lattice, its presence in 

direction perpendicular to sheet surface is inadmissible. Due to abovementioned it is necessary to chose 

technologic production practice that ensures there are no orientations {100} in sheet plane [1 - 3]. 

2. EXPERIMENTAL MATERIALS AND METHODS 

Re-phosphorized IF grades, stabilized using Ti and Nb were subjected to the experiments. The 

abovementioned steel grades were produced in conditions of technologic flow of hot-dip galvanized sheets. 

Chemistry of steel sheets subjected to experiments is stated in Table 1.  
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Table 1 Chemical composition [%] 

Grade C Mn Si P S Al N Ti Nb B 

10 0.0043 0,664 0.009 0.102 0.004 0.026 0.005 0.032 0.039 0.0003 

11 0.0044 0,556 0.009 0.066 0.006 0.036 0.005 0.029 0.037 0.0004 

12 0.0032 0,295 0.006 0.050 0.006 0.029 0.003 0.033 0.036 0.0006 

The slabs were hot-rolled at Hot Strip Mill consisting of 5 four-high Roughing mill stands and 7 Finishing mill 

stands. Finishing temperature was achieved above Ac3, afterwards controlled cooling to coiling temperature 

followed. The strip was subsequently pickled and cold-rolled through 4-stand tandem mill. Lab simulation of 

continuous annealing processes was done at Hot Dip Process Simulator pilot line. 3 thermo-couples were 

welded on the 120 x 200 mm samples in order to accurately determine temperature. This allowed achieving 

of controlled reheating with uniform area. The annealing itself consisted of reheating by the rate of 10 °C/s, 

soaking at annealing temperature for 30 s and cooling by rate of 10 °C/s, while annealing temperature of 600 

- 900 °C was determined for the study of recrystallization processes. Maximum difference between actual 

and desired temperature was ± 5 °C. During annealing, reduction atmosphere consisting of 95 % of N2 and 5 

% of H2 with dew point of -30 °C was used. Samples subjected to texture analysis using electron diffraction 

were prepared by grinding with restricted time and force to prevent development of deformation areas. The 

samples were then polished using diamond paste and vibration-polished using silicone colloidal solution. 

Prior to measurement the samples were cleaned using alcohol. The texture of the samples was determined 

using EBSD camera on scanning electron microscope Quanta 400 FEI. The measurement conditions are 

stated in Table 2. ODF was calculated using Bunge method of spherical harmonics function [4, 5]. 

Table 2 ESBD measurement conditions  

Acceleration voltage    25 kV 

Aperture diameter     6 

Working distance     15 - 18 mm 

Magnification    400 x 

3. RESULTS AND DISCUSSION  

The main goal of recrystallization annealing was, besides softening, to achieve the highest possible ratio of 

optimum orientation {111} and suppression of undesired orientation {100}. During continuous annealing 

where annealing time is several minutes, depending on strip speed, the parameter decisive for 

recrystallization, is annealing temperature. In Fig. 1, 2 and 3 there are results of measurement of the ratio of 

decisive texture components {111} and {100} based on annealing temperature of samples No. 10, 11 and 12. 

In all three cases the dependency of the texture component representation intensity is similar. No texture 

changes are seen until the temperature of approximately 750 °C. Only when annealing at higher temperature 

we see increase of the ratio of grains with orientation {111} at the expense of orientation {100}. Between 750 

- 900 °C this increase is up to 50 % (from 0.22 to 0.45). The course of texture modifications also points out at 

dependency of the ratio of texture components {111}/{100} on annealing temperature, see Fig. 4. In sample 

No. 12 the ratio of intensities {111}/{100} increases from 2 to 18; in sample No. 11 from 2 to 14; and in 

sample No. 10 even to 21. The start of texture modifications at 750 °C does not correlate with mechanical 

properties’ modification - significant softening was already observed at this temperature - it was caused by 

the fact that recrystallization ratio reached 90 %. This is why delay of texture modifications in respect to 

recrystallization processes can be stated. Similar results were achieved in the work [6, 7], where texture 
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modifications only occurred in advanced stage of recrystallization with ratio of XV  70 %. Based on 

measurement of recrystallization nuclei orientation using electron microscopy authors determined that the 

first recrystallization nuclei are created in places with orientation {111}, this is where the highest energy at 

cold-forming was stored, and also the nuclei have orientation {111}. So that it is in situ nucleation, original 

orientation is maintained. Only once this mechanism of oriented nucleation is “exhausted”, the mechanism of 

oriented growth starts. Only this stage of texture modifications can be observed via X-ray or EBSD. Sample 

10 was also subjected to experimental measurement at annealing temperature of 950 °C. In this case the 

influence of phase transformation    to final texture can be expected. It is very interesting that texture 

modifications continue towards even greater representation of orientation {111}. At that temperature the ratio 

{111}/{100} achieved the value 50. This interesting result, especially its origin, along with explanation of 

orientation relations, sounds like a fitting topic for further papers.  
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 Fig. 1 Texture components of sample 10 

 

 Fig. 2 Texture components of sample 11 
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 Fig. 3 Texture components of sample 12  Fig. 4 {111}/{100} ratio of samples 10, 11, 12 

The above mentioned tendencies of the development of recrystallization texture are displayed by ODF fibre 

diagrams. Most suitable for describing the texture of deep-drawing steel is  - fibre, with the planes {111} 

perpendicular to sample planes and  - fibre that is defined by direction <110> parallel to rolling direction.  - 

fibre refers mostly to areal anisotropy, because via one plane {111} all potential directions are displayed - 

this means rotation of plane {111} around its normal line <110>. Zero areal anisotropy corresponds with 

texture {111}<uvw> where neither of the directions prevails and intensity f(g) in fibre diagram is constant 

and/or straight line. Besides,  - fibre, due to its intensity, points out at overall representation of orientation 

{111} in final texture. Since  - fibre has both important orientations in deep-drawing sheets. i.e. {111} and 

{100}, it is well suited to be used to describe texture modifications. Since around orientation {111} there are, 

on top of obligatory directions <110> and <112>, also directions <223> and/or <554>, intensity field is 

usually extended to wide peak. In Fig. 5 to 10 there are fibre diagrams covering  and  - fibre of three 
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analyzed samples. Fibre diagrams confirmed and/or specified the already described texture modifications. In 

sample 10 at all annealing temperatures especially orientation {111}<112> is preferred, and the beginning of 

texture modifications depending on annealing temperature is smooth. In sample 11 the texture modifications 

were first at temperature of 775 °C. Representation of directions <112> and <123> is not explicit. There are 

some differences, especially between 850 and 900 oC. Tendency of deflection of planes {111} from direction 

<112> to direction <123> is more explicit in sample 12. As clearly seen on Fig. 9, deflexion of direction only 

occurs only at temperature 800 and 850oC. Annealing at higher temperature of 900 °C, but also at lower 

temperature of 775 °C, causes generation of rotary-symmetrical texture that is very close to ideal texture 

{111}<uvw>. What is interesting is the fact that in all samples there was lowest intensity of planes {111} with 

direction of <110>. As it is known, it is this direction in which the BCC lattice is most densely populated by 

atoms - this is the direction in which sliding plastic deformation should occur mostly. The differences in 

preferential directions of plane {111} are more fittingly captured by Fig. 11 that displays  - fibre of all three 

samples at the temperature of 850 °C. On the picture we can clearly see strong orientation {111}<112> of 

sample No. 10, while the orientation of samples No. 11 and 12 is reduced in favor of orientation {111}<132>. 

Fig. 12 illustrates the course of  - fibre of all three samples, while no significant differences were observed. 

An interesting result in this context is the course of  - fibre in sample No. 10 at 950 °C. In the sample the 

deviation <112>  <132> is only present at such high temperature. At lower temperature this is not 

observed. It would be interesting if this was further explored in order to better understand especially 

questions related to areal anisotropy. Based on analysis of texture state of samples after annealing at 

temperature of 600 - 900 °C it can be stated that optimum texture for deep-drawing requirements was 

achieved at annealing temperature of 850 - 900 °C. Within this interval of annealing temperature the 

structure is fully annealed with maximum value of drawing. No significant increase of the P or Mn content 

was observed during comparison of samples; isotropic properties of the material remain unchanged. 

Chemistry has significant impact on drawing and strength properties. Although at annealing temperature of 

950°C the highest ratio of planes {111} was achieved, it is necessary to point out at lower exponent of 

deformation strengthening that decreases deep-drawing material properties.  
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 Fig. 5  - fibre texture of sample 10   Fig. 6  - fibre texture of sample 10 
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 Fig. 7  - fibre texture of sample 11  Fig. 8  - fibre texture of sample 11 
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 Fig. 9  - fibre texture of sample 12  Fig. 10  - fibre texture of sample 12 
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 Fig. 11 - fibre texure of samples 10, 11, 12 at 

temperature 850 °C  

 Fig. 12  - fibre texture of samples 10, 11, 12 at 

temperature 850 °C 
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4. CONCLUSION 

Texture was measured via EBSD analysis. Intensity of texture component representation was similar in all 

samples. No texture modifications were observed up to annealing temperature of 750°C. The beginning of 

texture modifications at 750°C was not corresponding with mechanical properties’ modifications. Significant 

softening was observed at this temperature because recrystallized ratio reached 90 %. Only when annealing 

at higher temperature we noticed increase of the ratio of grains with orientation {111} at the expense of 

orientation {100}. The first recrystallization nuclei were generated in locations with orientation {111} where 

the highest cold-forming energy was stored, while nuclei had orientation {111}. Based on the above it was in 

situ nucleation with maintaining of the original orientation. It appears that mechanism of oriented growth 

starts after the mechanism of oriented nucleation is “exhausted”. The requirement for optimum texture with 

maximum ratio of orientation {111} for deep-drawing sheets was achieved at annealing temperature within 

the range of 850 - 900 °C; this applies to all steel grades - this was proven by the same anisotropic 

properties of sheets.  
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Abstract  

Initial stage of mutual diffusion close to carbon/iron interface was investigated in the present work. SIMS 

technique of concentration profiles enabled to study the carbon redistribution in the very early stages, when 

the diffusion process occurs - at least partly - in regions, where the carbon concentration exceeds the carbon 

concentration limit. It was observed that carbon diffusion coefficients are much lower under such conditions, 

than in Fe matrix with equilibrium carbon concentration. The measured carbon diffusion coefficients 

approached values reported for carbon diffusion in carbides.  

Keywords: Carbon, Diffusion, Initial stage of mutual diffusion, SIMS 

1. INTRODUCTION 

Carbon supersaturation is encountered in many advanced materials either in their bulk phases or within 

protective surface layers, made to enhance the mechanical parameters and/or improve the resistivity against 

corrosion in aggressive environment. The carbon supersaturation may be produced, e.g., as a result of a 

phase transformation or under a great chemical concentration gradient in surface layered structures.  

Contrary to the fact that small carbon atoms occupy interstitial sites in all Fe and Ni based alloys and hence, 

its diffusion coefficient is relatively high (much higher than those of other substitution components), the mean 

diffusion path of carbon diffusion during the material production and/or during the projected lifetime of the 

construction component may be very short - some tens of nanometres. It can be caused, for instance, by low 

temperature of respective process or by low projected operation temperature. It means that carbon 

supersaturation is kept during the whole service time of the material. With respect to such conditions, it is 

desirable to know carbon diffusion coefficient in the structure characterized by carbon supersaturation, which 

enables (i) to estimate the residual lifetime of the material and (ii) to design new types of material. 

In this paper, diffusion coefficient was measured after relatively short diffusion times when the mean diffusion 

path remains comparable with characteristic length of initial carbon concentration non-homogeneity (with the 

thickness of the surface carbon layer, h, e.g.). The experiments are arranged in a way that allows for the 

study of carbon diffusion in the matrix, where it exceeds its solubility limit. The principal experimental 

measurement method is very fine SIMS depth profiling.  

Two main research fields can be found in the literature involving carbon supersaturation: Bulk structures 

generated by bainite-type transformation and carbon protective layers.  

The explosively growing intensity of research activities in these fields are caused mainly by latest findings of 

new production techniques - Quenching-and-Partitioning (Q&P) of ferritic steels and by new progressive 

techniques of low temperature carbonizing High-Frequency-Induction-Carburizing (LINCARBTM) and, before 

all, by Low-Temperature-Colossal-Supersaturation (LTCSS). 

A novel technique Quenching and Partitioning (Q&P) has been found [1, 2] that enabled to produce new 

bainite-type steels. One of principal production step involves partitioning of carbon - i.e., carbon diffusion 

from highly supersaturated ferrite into retained austenite. The invention of Q&P became a start point of 
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numerous studies devoted to the mechanism and characteristics of the carbon partitioning. The product - 

special type of steel - shows the desired compromise between high-strength of aged martensite steels on 

one hand and high workability of duplex steels on the other.  

The principle of Q&P can be described as follows. The first step is austenitization at temperature, which is 

located some 50 °C above the Ac3 (austempering). Quenching to final temperature (QT) follows, which is 

between martensite temperatures Ms a Mf. Then the material is annealed above Ms at partitioning 

temperature PT. Enhanced temperature accelerates the diffusion motion of carbon from the supersaturated 

ferrite into retained austenite. The selection of QT controls the fraction of ferrite/carbon-rich austenite in the 

final structure. The described new procedure Q&T differs from similar older one Quenching and Tempering 

Q&T. Here, the final annealing was carried out at temperature QT between Ms and Mf. Resulting structure is 

different - it is a consequence of considerably lower carbon diffusivity in ferrite (martensite) compared to 

carbon diffusivity at PT [3,4]. 

Carbide mobility at partitioning temperature PT may lead to paraequilibrium states in carbide-supersaturated 

matrix [5]. Annealing at PT proceeds by a redistribution of carbon atoms to produce of carbon-depleted and 

carbon-rich regions, which may be interpreted as ordered structures [6], or coherent transition carbides [7,8].  

Atom distribution maps and concentration profiles across carbon clusters were observed using atom probe 

tomography in [9]. Formation of metastable carbon-rich agglomerates was studied, e.g., in [10] (-Fe3C, -

Fe5C2, -Fe2C1), [11] (-Fe5C2, -Fe2C1) and [12] (Fe4C/tetragon., Fe4C/octaedr.) approaching the chemical 

composition of some type of transient carbides was studied theoretically in [13] - see in Fig. 3. Size of 

irregular oblong shape of carbon-rich clusters was about 5 nm  50 nm. 

In the present paper, the penetration-depth profiles of carbon were measured in very fine surface layer of Fe. 

Carbon diffusion coefficients were evaluated from measured profiles and compared with literature data for 

carbon diffusion in ferrite, austenite and in carbide phases known for conventional carbon diffusion mode. 

2. EXPERIMENTAL 

Thin carbon layers (their thickness h was about 50 nm) were deposited in vacuum upon the polished sample 

surfaces. Two polishing procedures were tested: (i) mechanical metallographic polishing (finalized by 

diamond paste of grade 1 μm) and (ii) electrochemical polishing (CH3COOH : HClO4 = 9 : 1, 15 °C, 40 V, 1 

min.). The last step in the latter polishing technique (ii) led to a removing of surface layer, which thickness 

was about 25 μm. Hence, this technique might avoid eventual influence of surface deformation upon the 

carbon diffusion that may be expected after mechanical treatment (Beilby layer). However, both treatments 

led to identical results. 

Samples with carbon layers were annealed in infra-red furnace evacuated typically to 5  10-6 mbar. This 

‘clean’ annealing kept surfaces free of oxides and avoided completely the carbon burn-off during the 

annealing. The experiments were carried out at 5 diffusion temperatures 800 °C, 700 °C, 600 °C, 500 °C and 

400 °C that were stabilized within ± 1 °C. The time of rising and decreasing temperature was always 

negligibly short comparing to the total diffusion time t. 

Relative carbon concentration was considered proportional to intensity of SIMS (MiniSIMS Millbrook) signal 

registered in mass channel m/e = -12. As primary ions, beam of +Ga was used; accelerating voltage was 5 - 

6 kV and ion current 2.3 - 3.0 nA. The measured profile was corrected for the background and normalized in 

order to eliminate the instabilities due to accelerating voltage and long-term bias due to gradual exhaustion 

of Ga ion source (LMIS).  

Each sample was subjected to a sequence of annealings at each individual diffusion temperature T. In this 

manner, a series of concentration-depth profiles c(x,t) was obtained for several values of total diffusion time t 

- see craters in Fig. 1, 2.  
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 Fig. 1 SEM micrograph - sputter craters 

Area of sputtered-off field was about 250 μm  250 μm. In order to eliminate sputter-side-effects, pulses 

registered in central part (about 150 μm  150 μm) of the crater only were taken for the evaluation of relative 

carbon concentration. The calibration of sputter depth was done with the help of con-focal microscope 

Olympus LEXT OLS 3100 / AFM. 

 

 Fig. 2 Sputter crater. Image was taken by of the con-focal microscope Olympus LEXT OLS 3100. Only 

pulses measured within the central square ( ~ 0.6 a 0.6 a, a - side of the crater) were analyzed 

3. RESULTS AND DISCUSSION 

The typical example of measured concentration-depth profile is shown in Fig. 3. The carbon diffusion 

coefficients were evaluated by surface-decay method. The total amount of carbon in the surface layer was 

calculated as an integral P of measured profile cC(x, t) between the inflexions at x1 and x2. 

Let us approximate the initial distribution of carbon by a rectangle h  cC (Fig. 3). Then the carbon 

concentration distribution can be described by the known relation [14] 
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 Fig. 3 Concentration-depth profile 

and the integral P reads  

             (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4 Example of observed dependence of total amount of carbon in the surface layer, P, on the diffusion 

time t 

Fitting of Eq.(4) to experimentally obtained values of P gave the carbon diffusion coefficient D as a fit 

parameter. Example of the fitting is shown in Fig. 4. It can be seen that for small values of t, P depends 

approximately linear on square root of t. 

Calculated values of D are shown in Arrhenius diagram plotted in Fig. 5. It was found that obtained values of 

D are much lower than D’s reported in literature for equilibrium carbon concentration in ferrites. The present 

results are close to carbon diffusion coefficients in carbide phase.  
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 Fig. 5 Arrhenius diagram of carbon diffusion coefficients 

This conclusion can be rationalized by the idea that carbon atom move preferentially via carbon clusters, 

where carbon concentration exceeds the carbon solubility in ferritic matrix. Under such conditions, carbon 

atoms within the cluster start to correlate its location to approach the regular carbide configuration, which 

lowers significantly entropy term. This, in turn, decreases frequency factor of diffusion, which was observed 

(Fig. 5). Activation enthalpy ΔH = (113 ± 17) kJ/mol is somewhat higher than the typical value for carbon 

diffusion in ferites ( ~ 80 kJ/mol - see, e.g. in [15]), which agrees with an idea of additional (carbon-like) C-C 

and C-Fe bonds within the carbon clusters. The Fig. 6 shows polished/etched surface of Fe sample after the 

experiment. The inhomogeneities in pure Fe, located preferentially along inter-dendrite faces may be 

identified with higher carbon concentration in clusters. 

 

 

 

 

 

 

 

 

 

 

 Fig. 6 Optical micrograph of Fe sample after the diffusion experiment, GB - grain boundary, DB - one of 

original dendrite interfaces. 
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Abstract 

Coefficients of mutual carbon diffusion were measured at initial stages of diffusion for surface thin layer of 

carbon/ferrite and carbon surface layer/austenite. The aim of the study was to compare the diffusion 

characteristics obtained at the present strongly non-equilibrium case with those known for carbon mutual 

diffusion in cases where the carbon concentration does not exceed the solubility limit in the respective 

substrate. The second goal was to judge, whether the carbon diffusivity is determined by the structure of the 

substrate matrix (BCC or FCC). As examples of ferrite substrate, pure Fe and chromium steel P91 were 

chosen, as an example of austenite substrate, AISI316 was taken. It was obtained that - similar to near-

equilibrium case - the carbon diffusion measured close to interface C/austenite is significantly lower 

compared to carbon diffusion near the C/ferrite. Values of carbon diffusion coefficients in cases C/Fe and 

C/P91 are close one to another. All carbon diffusion coefficients are much lower than those, reported for 

near-equilibrium conditions; they approach values measured in carbides. 

Keywords: Carbon, Initial stage of mutual diffusion, SIMS, P91, AISI316 

1. INTRODUCTION 

Many advanced Fe-C - based alloys are applied in a state characterized by carbon supersaturation, or, they 

are produced via intermediate states that involve the carbon supersaturation. In recent years, Swagelock 

Company empirically developed a new process for low-temperature carburization of 316L austenitic stainless 

steel (SAT12 Technology). Conventionally, carburization is conducted at temperatures from 850 °C to   950 

°C. The new approach, however, is applicable at some 460 °C. The main goal is to avoid diffusion of 

substitutional alloying elements, i.e., Fe, Cr, Ni, Mo, etc. The carbon concentration in the surface layer can 

reach to some 3 wt. % of C (~12 at. % C). The steel surface after such an intensive carburizing (sometimes 

called Low-Temperature-Colossal-Supersaturation - LTCSS) shows significantly improved hardness, fatigue 

and wears resistance and, also, improved corrosion resistance.  

Low formation temperature of carburization causes that the carburization process is controlled rather by 

“paraequlibrium” than conventional thermodynamic equilibrium. Typically no carbides are observed in un-

treated layer; eventual occurrence of M5C2 and/or M7C3 may be, however, found [1].  

The developed surface carbon-rich layer is called expanded austenite, expanded martensite, or S-phase. By 

now its microstructure has been fully understood [2, 3]. Layer production and mechanical properties are 

studied in detail, e.g., in papers [4-6]. 

Besides LTCSS, nonequilibrium surface carbide layers can be prepared also by other techniques. In papers 

[7-11] low-temperature plasma carburizing, high-energy electron beam and ultra rapid laser irradiation of the 

surface was studied. Supersaturated carbon solutions are also encountered during the bainite formation, or 

in layered surface protective structures.  

In the present paper, the carbon diffusion coefficients are measured in pure Fe, chromium ferrite alloy P91 

(nominal composition in wt. %: Cr-9, Mo-1, C-0.1, Fe - bal.) and in austenite commercial alloy AISI 316 
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(nominal composition in wt. %: Ni-12, Cr-18, C-0.2, Mo-3, Fe-bal.). The results are compared with values 

reported in literature for carbon diffusion under common condition (carbon concentration lower than its 

solubility in respective matrix). 

2. EXPERIMENTAL 

Samples of pure iron were prepared by melting of pure Fe (purity 4N5) in Ar protective atmosphere using 

induction furnace Balzers VSG 02 and casting into copper mould. Fe ingots and blocks of commercial alloys 

P91 and AISI 316 were annealed in Ar at 1100 °C/2 h. After this treatment, structure of all experimental 

alloys was stabilized and free of carbides. Grain size in Fe was in the order of 102 μm. Structure of P91 was 

bainitic both before and after the treatment (Fig. 1a, b). XRD phase analysis revealed mainly ferrite, the size 

of carbide particles in P91 decreased significantly after anneal. Structure of AISI 316 after the thermal 

treatment consisted of large polygonized grains with numerous twins. No carbide particles were observed - 

Fig. 1c. Cylindrical diffusion samples (Φ 10  4 mm) were machined from the annealed materials. 

 

 

 

 

 

 

 Fig. 1 Structure of P91 as received -a, and after the anneal 1100 °C/2h - b. Structure of AISI 316 after  1100 

°C/2h - c 

Thin carbon layers (their thickness h was about 50 nm) were deposited in vacuum upon the polished sample 

surfaces. Two polishing procedures were tested: (i) mechanical metallographic polishing (finalized by 

diamond paste of grade 1 μm) and (ii) electrochemical polishing (CH3COOH : HClO4 = 9 : 1, 15 °C, 40 V, 1 

min.). The last step in the latter polishing technique (ii) led to a removing of surface layer, which thickness 

was about 25 μm. Hence, this technique might avoid eventual influence of surface deformation upon the 

carbon diffusion that may be expected after mechanical treatment (Beilby layer). However, both treatments 

led to identical results. 

Samples with carbon layers were annealed in infra-red furnace evacuated typically to 5  10-6 mbar. This 

‘clean’ annealing kept surfaces free of oxides and avoided completely the carbon burn-off during the 

annealing. The experiments were carried out at 5 diffusion temperatures 800 °C, 700 °C, 600 °C, 500 °C and 

400 °C that were stabilized within ± 1 °C. The time of rising and decreasing temperature was always 

negligibly short comparing to the total diffusion time t. 

Relative carbon concentration was considered proportional to intensity of SIMS (MiniSIMS Millbrook) signal 

registered in mass channel m/e = -12. As primary ions, beam of +Ga was used; accelerating voltage was 5 - 

6 kV and ion current 2.3 - 3.0 nA. The measured profile was corrected for the background and normalized in 

order to eliminate the instabilities due to accelerating voltage and long-term bias due to gradual exhaustion 

of Ga ion source (LMIS).  

Each sample was subjected to a sequence of annealings at each individual diffusion temperature T. In this 

manner, a series of concentration-depth profiles c(x,t) was obtained for several values of total diffusion time 

t.  

a b 

100 μm 

c 
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Sputtered area was rectangular with sides of about 250 μm. It was observed that the carbon concentration is 

overestimated due to partial sputtering of walls of the crater. In order to eliminate this sputter-side-effect, 

pulses registered in rectangular central part (about 150 μm  150 μm) of the crater only were taken for the 

evaluation of relative carbon concentration as it is shown in Fig. 2.  

 

 

 

 

 

 

 

 

 

 Fig. 2 Apparent concentration map on the final bottom of 
the sputter crater obtained after the last sputter scan. 

Pixel intensity is proportional to registered SIMS pulses 
registered in mass channel m/e = -12 (carbon anions). For 
the analysis, pulses registered within central square part 

were used only at all the sections 

 Fig. 3 3D image of sputter crater in material 
P91 

 

Typical 3D image of the crater of P91 is shown in Fig. 3. This example documents the fact that the sputtering 

assures plan-parallelness of sections even in case that the sample is two-phase. It can be seen that the 

sputter rate of all the phases was approximately the same, since the bottom of the crater after the sputtering 

remains well planar. The depth co-ordinate in Fig. 3 is in arbitrary units - its calibration was done with the 

help of con-focal microscope Olympus LEXT OLS 3100 / AFM. 

3. RESULTS AND DISCUSSION 

Typical example of measured concentration-depth profile is shown in Fig. 4. The carbon diffusion 

coefficients were evaluated by surface-decay method. The total amount of carbon in the surface layer at 

subsequent diffusion times t was calculated as an integral P of measured profile cC(x, t) - see the shaded 

area below the experimental curve. 

 

 

 

 

 

 

 

 

   Fig. 4 Example of concentration-depth profile 
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Let us approximate the initial distribution of carbon by a rectangle h  c0 (thickness of carbon layer h was 

typically 50 nm, c0 = 1). Then the carbon concentration distribution can be described by the known relation 

derived in [12] for the case of diffusion from the surface layer of thickness h = x2-x1 into half-space using co-

ordinates of side inflexions of cC at x1 and x2. 

             

(1) 

           

Due to surface sputter effects, the co-ordinates were shifted (x’ = x - x1). Experimentally obtained total 

amount of carbon at the surface, P (shaded area in Fig. 1), was fitted by the integral derived using Eq. (1) 

             

(2) 

 

and values of D were obtained as fitting parameters. 

Calculated values of D are shown in Arrhenius diagram plotted in Fig. 5. It is shown that present values of D 

are much lower than D’s reported in literature for equilibrium carbon concentration in respective FCC [13] 

and BCC [14] materials. They are close to carbon diffusion coefficients reported for carbide phases (in 

cementite Fe3C [15] and in Hagg carbide Fe5C2 phase [15, 16]). In the temperature interval 400-800 °C, D’s 

for FCC are always lower than D’s for BCC matrix, which agrees with the analogous relation for C diffusion at 

equilibrium carbon concentrations. Activation enthalpies ΔHFe = (113 ± 17) kJ/mol for Fe, ΔHP91 = (80 ± 17) 

kJ/mol for P91 and ΔHAISI = (110 ± 16) kJ/mol for AISI 316 are very close one to another.  

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5 Arrhenius diagram of carbon diffusion coefficients 

The most striking result is that the present data on carbide diffusion in supersaturated (paraequilibrium) state 

differ from values known for equilibrium conditions before all in frequency factor rather than in activation 

enthalpy. The latter was found equal - in frames of experimental errors - for all studied materials. Slightly 

lower value of ΔHP91 may reflect the fact that P91 is not one-phase material, which might facilitate the carbon 

diffusion. Obtained results can be characterized as follows:  
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Dparaequilibrium FCC, BCC << Dequilibrium FCC, BCC .               (3) 

For paraequilibrium: 

DAISI < DFe < DP91 .                  (4) 

The strong inequality (3) may be expected in case of BCC structures, where the higher content leads to a 

decrease in D. For example, in refs [17, 18], the relation 











T

c
DcD

w

Cw

C

1600
exp)( *

           (5) 

was reported that predicts a giant decrease in D with increasing carbon concentration 
w

Cc  (
w

Cc - carbon 

concenteration in wt. %, D* - carbon tracer diffusion coefficient). Authors show that for their case 

(supersaturation Fe-2.6 wt.% and room temperature) the decrease in D reaches as much as six orders of 

magnitude.  

In case of FCC material (here AISI 316), the relation is an astonishing experimental fact, since the increasing 

in cC leads to an increase in D (see, e.g., basic work by Parris and McLellan [19] and computer simulation by 

Belova and Murch [20]).  

This means that inequality (3) is not - in general - a consequence of alloying the matrix with carbon. The 

conclusion regarding the lower carbon diffusivity in paraequilibrium state can be rather rationalized by the 

idea that carbon atoms move preferentially via carbon clusters, where its concentration exceeds significantly 

the carbon solubility in respective matrix. Under such conditions, carbon atoms within the cluster start to 

correlate their location and approach the regular carbide atom-configuration, which lowers strongly entropy 

term and, in result it decreases diffusion coefficient.  
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THE INFLUENCE OF THE KIND OF SURFRACE TREATMENT ON THE WEAR OF MACHINES 

ELEMENTS APPLIED IN THE TEXTILE INDUSTRY 
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Abstract  

The paper presents the examinations of yarn guide made of steel 16MnCr5, subjected to different types of 

treatment: heat, thermo-chemical and surface: hardening and tempering; plasma spraying with Al2O3 powder; 

titanizing and chromium plating. Yarn guides were tested in industrial conditions, and next subjected to 

laboratory examinations: microscopic - optical and scanning microscope; RTG analysis; hardness 

measurements. The surface topography and the corrosion resistance were also evaluated. Examinations 

showed that yarn guides after plasma spraying with Al2O3 powder reveal the greatest durability - after 12000 

working hours there is practically no wear traces at the guiding surface.  

Keywords: surface treatment, textile industry, spinning, corrosion resistance   

1. INTRODUCTION 

The presented paper is the continuation of previous authors’ works [1-4] that regarded among others the 

lifetime of machines elements applied in textiles industry - the wear of the yarn guides of the ring spinning 

frames used for balloon-less spinning units. Further development of textile industry needs finding the new 

product, the processing technologies that guarantee not only “environmentally friendly” but also the more 

competitive economically products where the production costs resulting from spinning machines 

maintenance plays a not inconsiderable role. It is well known that steel elements lifetime applied in textiles 

production is still not satisfying, especially during yarn production being the mixture of 30-55 % polyester and 

70-45 % wool [1]. During testing the 30 % polyester / 70 % wool yarn blend, the intensive eyelet wear was 

observed, because wool very often contains small foreign particles such as grass, tree bark, straw and quite 

often grains of dust (Fig. 1). 

a)           b) 

 

 

 

 

 

 

 

 

 

Fig. 1 The view of yarn containing foreign elements: 1 - grass, 2 - straw, magnification 100× 

There are many factors affecting yarn friction: fibre parameters (surface roughness, molecular orientation, 

fibre material); yarn structural and bulk parameters (yarn denier, twist; spinning method), operational 

parameters (sliding speed, temperature, humidity, contact geometry); and finishes [5, 6]. On the other hand 

friction coefficient strongly depends on the stereometric structure of the metallic elements surface resulting 
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from the kind of conducted treatment (chemical, thermo-chemical) that create with yarn the tribologic couple. 

To improve the surface properties of different machine parts - decreasing the wear and increasing the 

corrosion resistance different methods of chemical heat treatment are used. Among the others the 

chromizing, titanizing or even chromizing - titanizing have been investigated that improve essentially not only 

the wear but also corrosion behavior of carbon or low alloy steel [7]. The above mentioned treatments result 

in steel surface hardness increase up to 1500 HV [8-10]. Created coatings except Al2O3 are relatively thin: 

chromizing - chromium carbides layer 0,005-0,04 mm [10], titanizing in gas medium - 0,010-0,015 mm, Al2O3 

- thickness can reach 0.7 mm. The aim of presented investigation was to verify the different thermo-chemical 

treatment (chromizing, titanizing, plasma spraying with Al2O3 powder and hardening) as the way of the 

lifetime increasing of knocking off insert threshold of feeding channel of spinning point of open end spinning 

machine. 

2. EXPERIMENTAL 

2.1  The object of investigation 

The tested element - knocking off insert threshold of feeding channel of spinning point of open end spinning 

machine is presented in Fig. 2. Investigated part was made of steel grade 16MnCr5 ( 0.14-0.19 %C; 1.0-

1.3 % Mn; 0.17-0.37 %Si; max. 0,035 %P max. 0,035 %S; 0.8-1.1 %Cr; max. 0.3 %Ni; max. 0.2 %W; max 

0.05 %V; max. 0.3 %Cu).  

 

a)       b) 

 

Fig. 2 The drawing of the insert of the fibres feeding channel to spinning chamber - a; the general view and 

the surface of used up threshold - b 

2.2 Investigation methodology 

Before application inserts were thermo-chemical treated: hardened (sample no. 1), plasma sprayed with 

Al2O3 (sample no. 2), titanized (sample no. 3) and chromized (sample no. 4). The surface state of inserts was 

controlled during the operation and after founding of the visible damage (Fig. 2b) part was replaced and 

subjected to the investigation. Structure was observed using both optical, scanning and stereoscope 

microscopes. The hardness measurement (HV10) was carried out using Vicker’s method according to PN - 
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EN ISO 6507 - 2007. The elements distribution was tested with application of X-ray analyser “JCXA - JEOL”. 

Sample’s surface quality was described additionally by roughness measurements - „MAHR” profile 

measurement gauge with ”Perthometer Concept” software. Corrosion resistance was evaluated by 

application of potentiostat SI 1286 that enables registration of polarization curves in three electrodes system. 

Before measure start, samples were placed in corrosion solution - 0,5M NaCl (pH =5.5), in temperature 25 
oC, within 24 h. Samples were subjected to polarization in the same solution, from potential -500 mVNEK in 

anode direction, with rate 1 mV/s. Results of treatment were evaluated basing upon the following 

parameters: hardness, roughness, surface topography, corrosion resistance measured by potentio-dynamic 

method and the lifetime. 

a)       b) 

 

 

 

 

 

 

c)        d) 

 

 

 

 

 

 

e)       f) 

 

 

 

 

 

 

g)        h) 

        

 

 

 

 

 

 

Fig. 3 The surface of the threshold surface observed under stereoscope microscope together with 

corresponding profilogram; S1 - a, b;; S3 - e, f; S4 - g, h - after 2000 h; S2 - c, d after 12000 h 
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3. ANALYSIS OF RESULTS 

The surface of the threshold observed under the stereoscope microscope is presented in Fig. 3 together with 

corresponding profilogram. Because of essential differences in topography (deep grooves) of investigated 

samples the measurement of typical characteristic parameters, i.e. Ra, Rp, Rv, Rz is pointless. 

It is visible that the most smooth surface was achieved for the steel after plasma sprayed with Al2O3 (grooves 

depth up to 8 µm, where even long-time operation didn’t changed surface quality. The deepest grooves are 

observed on steel surface after hardening (sample 1) which reach even 140 µm and after chromizing 

(sample 4) - grooves depth up to 100 µm. 

  a)         b) 

 

 

 

 

 

 

 

 

         c) 

 

 

 

 

 

 

 

 

Fig. 4 Steel sprayed with Al2O3 after 12000h operation; a - steel outside surface; b - the surface layer cross 

section; c - EDS diagram from point 5 - Fig. 4b 

The analysis conducted using the scanning microscope was made in the wide spectrum. Observations 

regarded both outside surface as well as the coating cross section. The chemical composition was verified 

qualitatively (EDS) and quantitatively. Because of the limitation imposed to herewith study the wider results 

will be presented in the other publication. Structure presented in Fig. 4 confirms the wear of Al203 layer 

stated in “macro” scale - 8 μm spallings.  

Tests conducted in industrial conditions proved that considering the surface wear the best solution is steel 

plasma spraying with Al2O3 powder. The lifetime of the threshold knocking inserts made of carburized and 

hardened steel grade 16MnCr5 was about 1500 h. After application of the additional thermo-chemical 

treatment - chromizing, titanizing the lifetime increased up to 3000 hours. Inserts with the threshold with 

plasma sprayed coating with Al2O3 and thickness about 0.2-0.3 mm of ceramic powder were in operation 

within 12000 h practically without traces of the wear.  

The results presented in Table 1 and Fig. 4 confirm that corrosion resistance of investigated samples in 

applied corrosion solution is similar. It can be stated that potentio-dynamic curves of samples 1 and 2 are 
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comparable. In the case of samples no. 3 and 4 the density of corrosion current is a little bit lower and 

additionally the curve run confirms better coating passivation.  

Table 1 Measured parameters of corrosion process 

Sample No. Ecorr [mV] EK-A [mV] Rp [Ωcm2] icorr [A/cm2] 

1 -512 -399 3068,6 8,5.10-6 

2 -520 -398 3157,7 8,26.10-6 

3 -390 -361 3998 6,52.10-6 

4 -384 -327 2539,4 1,02.10-5 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 5 Polarization curves registered in the case of different thermo-chemical surface treatment of 

investigated steel 

 

The hardness values measured at 

the surface cross section of 

investigated samples are presented 

in Fig. 6. The achieved results differ 

from theoretic assumption (1500HV) 

because the first measurement was 

made in point distant from the 

surface at 25 μm, i.e. deeper even 

than thickness of Al2O3 layer. It is 

clear that the highest hardness was 

measured in sample no. 2 (ab. 

700HV), but generally diversity of 

measured hardness is caused by 

temperature level of additional 

diffusion thermo-chemical treatment 

(chromizing - 1050 oC; titanizing - 

1000 oC; Al2O3 - 500 oC (substrate 

temperature)). The hardness level 

Fig. 6 The hardness changes measured at the samples cross 

sections 
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characteristic of the sample core (ab. 460HV) was achieved in every sample in distance 1.5 mm to the 

surface.  

4. CONCLUSIONS 

1) Among the applied thermo-chemical treatment the greatest lifetime of the insert of the fibres feeding 

channel of spinning machine guarantees the spraying with Al2O3 powder - after 12000 working hours 

there is practically no wear traces at the guiding surface.  

2) The dominating factor deciding on the lifetime of the coating created on steel is probably the surface 

hardness and coating thickness. In the case of Al2O3 surface layer he highest HV10 values were 

measured. 

3) Considering achieved results we can state that using proper surface treatment of tested steel inserts 

its lifetime can be increased even more than ten times.  

4) There is no direct relation between the corrosion and wear resistance in analysed tribologic couple. 

The highest corrosion resistance was achieved for chromized steel where the lifetime was only 1500 

h.  
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Abstract 

Samples made from Vanadis 6 PM ledeburitic tool steel were surface machined, ground, and mirror 

polished. They were heat treated and coated with CrAgN by magnetron sputter deposition at the Hauser 

Flexicoat 850 device. PVD coatings contained 3 % of Ag. Tribological testing using a pin-on-disc apparatus 

has been realized at elevated temperatures: 300, 400 and 500 °C, respectively. Al2O3 and bronze balls were 

used as counterparts. Wear tracks after pin-on-disc testing were analyzed by scanning electron microscope 

and microanalysis. The experiments have shown strong dependency of tribological parameters on 

temperature. In the case of Al2O3 counterpart, the friction coefficient of CrAg3N was 0.238-0.168 from 300 °C 

to 500 °C. Testing against CuSn6 bronze ball gave generally lower friction coefficient. A decrease of wear 

ratios was recorded at elevated temperatures. EDS analysis detected partial removal of the coating in case 

of 300 °C and 400 °C while the coating was completely from the substrate during the testing at 500 °C. 

Keywords: Vanadis 6 cold work steel, PVD, chromium nitride, silver addition, pin-on-disc testing 

1. INTRODUCTION 

Multi-functional composite coatings containing soft lubricious phases within hard wear-resistant matrix have 

been studied extensively in recent years due to their promise for tribological performance in aggressive 

environments and/or at elevated temperatures. In particular, inclusions of noble metals such as Ag and Au 

show promise as solid lubricating phases in carbide, oxide, and nitride matrices, as they possess sufficiently 

low shear strength over a suitably wide temperature range as well as stable thermochemistry allowing them 

to be used in both the ambient air and the vacuum [1]. For example, Mulligan et al. [4] and Kutschej et al. [5] 

recently combined CrN with silver, to produce CrN-Ag self-lubricating films. Silver being extremely mobile 

diffuses out of the matrix to be transferred to the surface in order to maintain a low friction coefficient at high 

operating temperatures (≈600 °C). The self-lubricating nature of such adaptive coatings has the potential to 

extend the service lifetime in numerous moving mechanical assemblies that exist in many applications, 

including air and space industries as well as the manufacturing and tooling sectors [4-9]. The advantage of a 

wear test, when compared to indentation or scratch testing, is that it can give a measure of the lifetime of a 

particular coating-substrate system. In many applications of coatings, the resistance to wear can be more 

important than the load required to permanently damage the material. The properties of the coating being 

tested and the substrate on which it has been deposited will influence the friction signal when the coating is 

worn through: in some cases this signal will rise dramatically, in others it may drop. Whichever the change, 

the breakdown of the coating will nearly always manifest itself as a sharp change from the steady sliding 

state [10]. 

2. EXPERIMENTAL PROCEDURE 

The experimental substrate samples were made from the ledeburitic steel Vanadis 6 with nominally 2.1 %C, 

1.0 %Si, 0.4 %Mn, 6.8 %Cr, 1.5 %Mo, 5.4 %V and Fe as balance. After rough machining to the semi-final 

dimensions, the samples were subjected to standard heat treatment procedure giving a final hardness of 724 

HV 10. After the heat treatment, the samples were fine ground and polished up to the mirror finish. The 

CrAgN - coatings were deposited in a magnetron sputter deposition system, in a pulse regime with a 
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frequency of 40 kHz. Two targets, opposite positioned, were used. For the deposition of silver containing 

films, one silver cathode (99.98 % of purity) was inserted into the processing chamber instead of one 

chromium target. In these trials, the cathode output power was 5.8 kW on the chromium cathode. On the 

silver cathode, the output power was 0.1 kW in order to produce the silver content of 3 wt%. The deposition 

temperature was 500 oC. It was achieved by resistive heaters placed on internal walls of the processing 

chamber. The process was carried out in a low pressure atmosphere (0.15 mbar), containing pure nitrogen 

and argon (99.999 % of purity), in a ratio of 1:4.5. 

Tribological properties of the coatings were measured using the CSM Pin-on-disc tribometer at a normal load 

of 1N, at elevated temperatures, up to 500 oC. Balls 6 mm in diameter, made from sintered alumina and 

CuSn6 bronze (as-cast structure, hardness of 149 HV 10) were used for testing. After the testing, the wear 

tracks were examined by scanning electron microscope (SEM) JEOL JSM-7600F and energy dispersive X-

ray analysis (EDX). EDS linescans across the wear tracks were performed to evaluate microcompositional 

changes associated with tribological testing. 

3. RESULTS AND DISCUSSION 

Table 1 shows an overview of the friction coefficients μ resulted from testing at a room temperature and 

elevated temperatures. CrAg3N films formed at 500 oC had average friction coefficient of 0.373 when the 

Al2O3 ball was used for the testing at a room temperature. Testing against CuSn6-bronze at a room 

temperature gave lower friction coefficient. At elevated temperatures, the difference in  became less 

significant but, excepting the testing temperature of 400 oC it is valid that a silver addition of 3 wt % tended 

towards lowering of the friction coefficient. Mulligan et al. [1] reported a slightly positive effect of the addition 

of Ag into the CrN. However, they added 22 at.% Ag, which is approximately 10 times higher concentration 

than that used in our experiments. Additions of various Ag contents into CrAlN films were studied by Basnyat 

et al. [2]. They established a beneficial effect of Ag on the friction coefficient against alumina at room 

temperature, but only up to the Ag-content of 9 at.%. Finally, Yao et al. [3] also determined a beneficial effect 

of a small Ag content in the CrN on the lowering of the friction coefficient against a low carbon steel sphere. 

However, the loading applied in their investigations was also much higher, which makes the results 

incomparable with our measured data. 

Table 1 Friction coefficients of coatings against two different counterpart´s materials 

Coating / Testing temperature [oC] CrAg3N/500 oC 

 Al2O3 CuSn6 

Room temperature 0.373 0.261 

300 0.238 0.222 

400 0.160 0.246 

500 0.168 0.165 

Lowered friction coefficient μ of silver containing films is reflected in wear ratios measured by the pin-on-disc 

testing, Table 2. This statement is valid for 3 wt% Ag containing films, in particular, where substantial 

decrease of wear ratios was recorded at elevated temperatures.  

Table 2 Wear ratio at ambient and elevated temperatures, alumina used as a counterpart [11] 

Coating / Testing temperature [oC] CrAg3N/500 oC 

Room temperature 3.65x10-13 

300 8.405x10-12 

400 9.927x10-12 

500 1.522x10-11 
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3.1. Wear at 300 °C 

Fig. 1 SEM micrograph of the wear scare produced by the testing against Al2O3 at 300 °C and corresponding 

EDS maps of vanadium, chromium, iron and silver 

Fig. 1 shows the wear scare after testing at 300 °C against a counterpart made from Al2O3. There are many 

parallel lines oriented along the sliding direction on the coated material. EDS analysis shown the presence of 

iron and vanadium (base elements of steel) on the surface in some sites while both the high chromium 

content and the silver content have been established in other sites. These results confirm that partial 

removal of the coating from the substrate has commenced, whereas the area portion, where the removal 

took place, makes of about 25 %. 

3.2. Wear at 400 °C 

 

Fig. 2 SEM micrograph of the 

wear scare produced by the 

testing against Al2O3 at 400 °C 

and corresponding EDS maps of 

chromium, iron, silver and 

vanadium 
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Examination of the worn surface after testing at 400 °C (Fig. 2) against a counterpart from Al2O3 revealed 

relatively smooth wear track. We did not observe any transfer from the ball material onto the coating. EDS 

analysis indicated the presence of iron and vanadium on the surface inside the wear scare. It indicates that a 

partial coating removal commenced in a way similar to the testing at a temperature of 300 oC. 

3.3. Wear at 500 °C  

Fig. 3 shows the SEM micrograph of wear scare produced by sliding of CrAg3N-film grown at 500 °C against 

a counterpart from Al2O3, at a temperature of 500 oC. The scare appears to be very smooth and is covered 

by some oxides. The EDS analysis of the material inside the scare indicates the main presence of vanadium 

and iron inside the wear track. On the other hand, the presence of silver has not been detected and, the 

chromium content is very low compared to that in the CrAg3N-film. Based on these findings it is obvious that 

the coating material was removed almost completely from the substrate during the testing.  

 

Fig. 3 SEM micrograph of the wear scare produced by the testing against Al2O3 at 500 °C and corresponding 

EDS maps of chromium, vanadium, silver and iron 

3.4. Wear against CuSn6 

Investigation of the wear scare after testing at a temperature of 400 °C against CuSn6, Fig. 4, fixed relatively 

smooth surface inside the scare. However, there was a considerable material transfer from the counterface 

to the specimen´s surface detected. It should be noticed that such a material transfer has been detected for 

the samples tested at 300 and 500 oC, respectively, also. The transferred particles were analyzed by EDS 

analysis and it has been confirmed that it is the bronze which is presented on the surface inside the wear 

scare, Fig. 4. No other type of the coating damage has been observed. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

890 

 

Fig. 4 SEM micrograph of the wear scare produced by the testing against CuSn6 at 400 °C and 

corresponding EDS maps of chromium, vanadium, silver, iron and copper 

CONCLUSIONS 

The friction and wear characteristics of the CrAg3N coatings prepared by magnetron sputter deposition 

method have been examined at different temperatures and with different counter-part materials. The results 

can be summarized as follows: 

The friction coefficient decreased with increasing testing temperature rapidly when alumina ball has been 

used as a counterface while the decrease of the  was moderate for the counterpart made from the CuSn6-

ball used as a counterface. 

The coating was partly removed from the substrate when tested at temperatures 300 °C and 400 °C, 

respectively, while the coating disappeared from the substrate almost completely at 500 °C, when alumina 

has been used as a counterface.  

One can suggest that it is the softening of the CrAg3N plays a dominant role in the temperature behavior of 

the coating against alumina. 

No removal or other coating damage has been established after sliding against the CuSn6-ball, but 

considerable material transfer from the ball to the sample has been detected. This is due to very low shear 

strength of the CuSn6, especially at higher temperatures. 
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Abstract  

Paper presents the results of investigation regarding the influence of the surface state of steel S355JR 

achieved after different cutting methods on the structure and corrosion resistance of the zinc coating. 

Research was focused on fittings for overhead power lines - a double eyes links type SLINK. In the process 

of samples cutting the following methods were used: water-jet, laser and flame cutting. Prepared materials 

were subjected to an abrasive blasting - steel shot GL40 and chemical treatment - pickling (hydrochloric 

acid) and fluxing (TIBFLUX60). The hot - dip Zn galvanizing process was conducted in industrial conditions. 

Parameters were fixed (temperature 457 oC,dipping time 2,5 min).  

The effects were evaluated on the basis of metallographic analysis and corrosion tests (according to PN-EN 

ISO 9227). It was found out that the hot-dip zinc coating on the water-jet cutting surface demonstrates the 

best corrosion resistance. The corrosion resistance of the zinc coating on laser cutting surface is better than 

on flame cutting surface. The flame cutting surface needs additional mechanical (grinding) or 

electrochemical (electropolishing) processing.  

Keywords: laser cutting, water cutting, oxygen cutting, heat affected zone, hot-dip zinc galvanizing 

1. INTRODUCTION 

The industry use in the wide range the mechanical forming: flame cutting (oxygen plasma), laser, water JET 

or water-abrasive cutting and electrical discharge. Cutting methods differs in the amount of consumed 

energy, the impact of heat on the material and the quality of the cutting edge [1, 2].  

The applied method influence among others on the structure and properties of outer layer - that depend on 

the creation of so-called Heat Affected Zone (HAZ). The HAZ thickness depends above all on process 

temperature and beam concentration, that next influence on puncture thickness and heating rate of the 

forming material. 

The thermal impact of beam results in hardening of layers surrounding the cutting kerfs (even in low-carbon 

steel) and the quenching of the cut surface of steel with higher carbon content [3]. 

Changes in the structure of the cut material influence on the structure and properties of zinc coatings. ISO 

1461 and ISO 14713 standards indicate a problem with the achievement of required Zn coating thickness 

and adhesion in the zones close to thermal cutting surface [7, 8].  

This problem is also observed in the production of fittings for overhead power lines. In accordance with the 

requirements of PN-EN 61 284 fittings for overhead power lines made of steel (except stainless steel) are 

protected by hot-dip galvanizing or otherwise provides similar protection against corrosion [9]. Overhead 

power lines are an important element in the transmission of electricity over long distances. They connect with 

the places of generating receipt. Due to, they are carried out by a vast area, subject to various factors: the 
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climatic, environmental and topographical features. In connection with this extremely important issue is to 

ensure the sustainability of elements of fittings. Destruction of fittings lowers the stability of the whole 

product. The lack of resistance due to the progressive corrosion can cause such damage to the structure by 

pin fall out and off line. This results in very high costs and delays due to interruptions in energy supply [9]. 

Due to the fact that these products are used in a corrosive environment of varying aggressiveness [9], it is 

important to try to reduce described difficulties basing upon the action modifying the forming process.  

An important factor determining the course of the growth of the zinc coating on iron alloys is the chemical 

composition of the base. Similarly, as the temperature, the base chemical composition affects the structure 

and morphology of the phases created inside the coating. Zinc coatings have a complex structure and are 

composed of diffusive Fe-Zn phases (gamma, delta, zeta) and outer layer - almost pure zinc - η. Layer η 

provides the necessary resistance of the coating in its initial stage of operation.  

Phases Fe-Zn reduces the corrosion rate and intensity during process progress. This is one of the most 

important advantages of the hot-dip zinc coatings in corrosive environments. Chemical composition 

intensively affects the nature of δ1 and ζ layers [10-12]. 

Difficulties in achieving the required thickness and adhesion on the steel surface forming by flame cutting, 

very large differences in the thickness of coatings on the flat surfaces and the side surfaces caused this 

study initiation. 

The aim the study is the evaluation the influence of the steel S355JR surface state achieved as a result of 

different cutting methods on the nature and corrosion resistance of the zinc coating. 

2. TESTED MATERIAL  

The study was conducted on links commonly used in fittings (Fig. 1) - made of S355JR steel. Research was 

focused on a double eyes link type SLINK 626502006. Chemical composition of materials used in 

experiment is presented in Table 1. Carbon and sulphur were determined using LECO CS-125 analyzer. 

Other elements were analyzed on the ICP-OES spectrometer. 

Table 1 Chemical composition of steel used in the experiment 

Source of data 
Chemical composition [% wg.] 

C Si Mn P S Cu 

PN-EN 100025-
2004 

≤ 0,24 ≤ 0,55 ≤ 1,60 ≤ 0,035 ≤ 0,035 ≤ 0,55 

Chemical analysis 0,18 0,23 1,5 0,012 0,008 0,030 

2.1. Preparation of material for galvanizing 

Links (Fig. 1) were cut from steel sheet with a thickness 

of 20mm. Three series were prepared. The main 

difference between analyzed series was a method of the 

material cutting. The cutting stream of water, laser and 

oxygen were used. Marking materials for testing is 

shown in Table 2. 

 
 

 

            Fig. 1 Tested materials - SLINK 
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Table 2 Characteristic of the tested material 

Group  Methods of cutting Cutting tool Cutting parameters  

A Stream water cutting  water  
Waterjet -Jet EDGE  

40oC, υ=82mm/min  

B Laser cutting  laser  

Laser BYSTRONIC - model 
BYSPEED 3015 power 4kW 

1200oC, υ =800mm/min 

C Oxygen cutting  oxygen 
CNC 500 MESSER 

1200oC, υ =400mm/min 

After cutting, the prepared materials were subjected to an abrasive blasting - steel shot GL40. In the next 

stage samples were treated chemically - pickling (hydrochloric acid 12 %, 30 g/l Fe), rinsing in cold water 

and fluxing (TIBFLUX60 - pH 4,9, 0,17 g/l Fe, 292 g/l ZnCl2, 189 g/l NH4Cl).  

2.2. Hot-dip Zn galvanizing 

Hot-dip Zn galvanizing process was made in industrial conditions in temperature: 457 oC  

and time t=2,5 min in Zn bath enriched in: nickel, bismuth and aluminium. The bath chemical composition 

was as follows: 99,859 Zn, 0,0481 Ni, 0,0417 Bi, 0,0002 Al, 0,037 Fe, 0,0058 Pb, 0,0014 Sn, 0,0067 Cu, 

0,0006 Cd. During the coating of all elements the special attention was paid to maximum repetitiveness of 

technological parameters of galvanizing process. 

3. METHOD OF INVESTIGATION AND RESULTS ANALYSIS 

3.1. Hardness measurement  

The hardness measurement was carried out using 

Vicker’s method according to PN - EN ISO 6507 - 

2007 [13]. The examination was divided in two 

stages. In the first stage the hardness (HV10) of 

side link SLINK surface after cutting was measured. 

The measurement was made perpendicularly to 

cutting plane. The average values from a dozen 

places of the measurement were: A- 158,2 HV10, 

B- 420,7 HV10, C- 364,5 HV10. In the second 

stage the hardness measurement (HV0,5) was 

made starting from the cutting edge toward the 

sample core. The step of the measurement was 

established on 200 µm. Results are presented in 

Fig. 3. 

 
 

3.2. Metallographic analysis  

Metallographic examinations was made for all samples after cutting and hot-dip zinc galvanizing 

Metallographic specimens were prepared in classic way. The surface was etched with 4 % HNO3. To 

microscopic observation the microscope AxioImager M1m Carl Zeiss was used with magnification: 50, 100, 

200 and 1000x. Chosen results of observation - the structure of base material and Zn coatings are presented 

Fig. 3 Results of hardness measurement (HV0,5) 

on the side surface of links (1-water cutting, 2- laser 

cutting, 3- flame cutting) in direction from cutting 

edge to the sample core 
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in Fig. 4 and 5. The measurement of Zn coating thickness was made for all samples after galvanizing. 

Results measured in several places on flat and side surfaces are put together in Table 3.  

Table 3 Results of Zn coating thickness measurement 

Group  
Method of 

cutting  

The average 
coating thickness 
on the flat surface 

[µm] 

The average coating thickness 
on side surface [µm] 

A Water cutting  159 156 

B Laser cutting  160 137 

C Flame cutting  158 57 

 
 

 

 

 

 

 

 

 

 

Fig. 4 The steel structure after cutting with visible subsurface layer, magnification 100 and 1000x (HAZ)) (A- 

water cutting, B- laser cutting, C- flame cutting) 

 

 

 

 

 

Fig. 5 The zinc coating structure on the side links surfaces, magnification 200 (A- water cutting, B- laser 

cutting, C- flame cutting) 

3.3. Corrosion test in neutral salt fog (spray) 

The corrosion tests in salt chamber were made in F.Ś. BISPOL S.A. in Bielsko- Biała. The NSS test was 

conducted according the requirements of PN-EN ISO 9227:2012 standard [14]. The following process 

parameters were applied: 5 % NaCl; pH 6,7 - 6,9; temperature 35 0C; salt fog fall 1,6 ml/h. The results of 

NSS test after 640 h in salt chamber are presented in Table 4.  

 

1

  
200x  

C B A 

1000

x  

A B C 
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Table 4 NSS Test results 

Group  Cutting method  
Time to white corrosion 

appearance [h] 
Time to red corrosion 

appearance[h] 

1 Water cutting 24 618 

2 Laser cutting 24 552 

3 Flame cutting  24 408 

4. RESULTS DISCUSSION AND CONCLUSIONS  

In available literature there is no the detailed information describing the influence of the state of the surface 

created after cutting on the structure and the corrosion resistance of the zinc coating. Only few authors like 

Kulik V. and Sepper S. analyze this problem but only casually. In practice the problem of the Zn coating 

quality created on elements of power network of overhead lines is important especially considering the 

operational lifetime.  

The structure of the material in the initial state was ferritic with small amount of pearlite. In the observed HAZ 

zone created as a result of the heat treatment caused by cutting the needle shape structure appeared - lower 

bainite, martensite (in the subsurface zone of sample B - fine-needle, C - coarse - needle) (Fig. 4).  

The decarburized layer in the sample B is narrow and its thickness amounts to 3 µm. In the subsurface zone 

of sample C the additional layer can be distinguished being the product of reaction proceeded during flame 

cutting.  

The size of the HAZ in the subsurface layer of sample B and C was determined on the basis of typical 

changes in the steel structure. The HAZ area boundary in both cases is distinct (Fig. 4) and is running 

parallel to cut edge. In the case of the flame cutting - sample C - the HAZ thickness amounts to 0.8 - 1.8 mm, 

whereas in sample B - cut with the laser, HAZ is narrower and its thickness amounts to 1 mm (Fig. 4). The 

compared effects results from differences in the maximal values of temperatures gained in the area of cutting 

when using individual methods.  

The metallographic analysis and hardness measurement confirmed that application of thermal methods of 

cutting results in the hardening of the steel subsurface zone. The hardness of S355JR steel core is on the 

level - 155 HV10. In case of area A - cut with water, the hardness didn't change (Fig. 3). The application of 

the laser beam caused the increase in the hardness to 400 HV10, cutting by gas flame increased the 

hardness to 350 HV10 (Fig. 3). 

The thickness of the coating on flat surfaces of all tested elements - links was stable and amounted to ab. 

160 µm (Table 3). The measurement of the coating thickness on the side surface of the sample A - cut by 

water revealed values similar to the average. The greater deviation from the value get on the flat surface was 

stated for side surfaces in samples B and C. The coating observed on the surface C - cut by gas flame is 

characterized by a thickness even about 100 µm smaller (Table 3) in relation to the flat surface.   

The coating on the surface A - after cutting by water reveals typical structure for this grade of steel. Diffusion 

layer occupies the greater part of the coating thickness. The coating growth was not disturbed by the heat 

affection during cutting and the application of shot-blasting before galvanizing additionally supported proper 

process course. In the case of the coating created on the surface B - cut by the laser the alloy coating layer 

has a much smaller thickness. The planned examinations with application of the X-ray analyzer will enable 

the more accurate assessment of the mechanism of creation of observed zinc coatings. Investigations 

confirmed that the abrasive blasting applied after flame cutting - sample C is insufficient.  

The results of NSS corrosion test allowed to state that, so called “white corrosion” is observed on all samples 

after 24h. The corrosion breakdown was observed after 408 h on the surface of sample C, 552 h on sample 

2 and 608 h on sample A.  
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On the basis of investigation results and its discussion the following conclusions can be formulated:  

 The corrosion resistance of zinc coating covering the steel S355JR surface shaped by laser cutting is 

much higher than the corrosive resistance of the coating on the flame cutting surface.  

 Cutting the steel S355JR by water does not disturb the hot-dip zinc coating growth and provides very 

good corrosion resistance.  

 The applied abrasive blasting - shot blasting of the flame shaped surface is insufficient. To create 

proper zinc coating necessary is additional treatment, i.e. grinding or electrolytic degreasing.  
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Abstract 

Hard chromium surface treatments are widely used as functional coatings for piston rings. Since the 

properties of hard chromium coating are not longer sufficient for new applications composite hard chromium 

coatings with various fillers are used. Fillers are especially particles of hard materials for example Al2O3, 

CBN, diamond, UDD, UDDG, etc. This paper deals with the use of fillers based on nanodiamond - graphite 

(UDDG) and its influence on surface roughness of the chromium coating. There were prepared samples of 

coatings with varying amount of UDDG samples of Cr- Al2O3 coating and samples of conventional hard 

chromium. The surface roughness was measured by surface roughness tester. The results show that the 

roughness is increased with the amount of filler. 

Keywords: Hard chromium plating, Composite chromium, Hard particles, Roughness 

1. INTRODUCTION 

Hard chromium plating 

The beginning of chromium plating technology dates back to the 19th century. In the years 1848 - 1849 

Junot de Bussy first performed electrolytic deposition of chromium. Use of chromium coatings is very 

diverse. Hard chromium (functional) plating is very widespread. Hard chromium coatings are used in many 

industries in applications where a high wear resistance and high coefficient of friction are needed. These 

include aerospace, agriculture, food processing and printing industries. 

Composite hard chromium coatings 

The first publication dealing with composite galvanic coatings was published already in 1929. Development 

of new composite electrodeposited coatings is currently one of the main directions of functional 

electroplating. 

The principle of deposition of composite hard chromium coatings is that particles of various hard materials 

are dispersed as suspension in the electrolyte and during the deposition process are trapped in the 

chromium matrix. Dispersed particles in the layer significantly improve its functional characteristics (e.g. 

hardness, wear resistance, corrosion resistance...). These surface treatments are widely used in 

engineering, medical chemical and in automotive industries. [3,4,5] 

As filler particles can be used various materials: Al2O3, TiO2, SiO2, TiN, TiB2, ZrC, WC, Cr2C3, Cr, Mo, W, 

graphite diamond, BaSO4, CaF2, Teflon, SiC. 

Several publication deals with chromium-UDD composites. UDD (Ultra Dispersed Diamond) is diamond 

manufactured by detonation method. [3,4,5] 

Kinetics of electrochemical composite coatings are as follows: the transfer of dispersed particles of filler to 

the cathode, their accumulation on the surface of the substrate and their overlap by deposited  
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Special chapter are composite chromium coatings for piston rings. There are microcracks created in chrome 

coatings. This microcracks hold oil lubricant. Another improvement is to use hard particles as filler of these 

microcracks. Examples are shown in Fig. 1 and Fig.2. Usually used fillers are Al2O3,[6] CBN [7] and 

diamond. 

 

 

Fig. 1 Cross section of chromium coating reinforced 

with Al2O3 (BCr coating, Buzuluk a.s.) 

 

 

 

 

Fig. 2 Scheme of Cr coating reinforced with hard 

particles (CKS 36 coating) Federal Mogul) [6] 

Use of certain fillers causes problems with the stability of the chromium plating process. The filler also affect 

the properties of the final chromium surface. For example the use of graphite as filler occurs the increase of 

surface roughness of the chromium coatings. [3] Just as it has been demonstrated that graphite globules 

contained in ductile cast iron can affect the state of chromium surface Fig. 3 and Fig. 4 [8] 

 

 

Fig. 3 Hard chromium coating without nodules [8] 

 

Fig. 4 Nodules on the surface of hard chromium [8] 

One of the modern composite coatings used for piston rings is Cr-UDDG layer. UDDG (Ultra Dispersed 

Diamond Graphite) is a mixture of nano-graphite and nanodiamond. Since the filler contains graphite nano-

particles can be assumed the influence of graphite to the final surface of chromium coating. Roughness of 

the surface of coating can cause problems with subsequent machining. The aim of the experiment was to 

determine the dependence of the amount of UDDG filler in the electrolyte on the surface roughness of Cr 

layer. Another objective is to determine the maximum acceptable amount of UDDG in the electrolyte for 

production. 
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2. EXPERIMENT 

Samples  

There were prepared samples of composite chromium coating Cr-UDDG. To compare the properties there 

were deposited mass produced coatings: hard chromium, porous chromium and BCr layer (Cr-Al2O3). 

Samples of coatings were deposited on a carbon steel substrate. The chemical composition of the substrate 

is shown in Table 1. 

Table 1 Chemical composition of substrate 

 

Shielding was used during chromium plating process because of higher current density at the edges of the 

sample. Constant distribution of the layer thickness was obtained by used shielding. Thickness of the layer 

was from 110 to 140 µm. 

 

Fig. 5 Shielding of the sample 

 

Fig. 6 Samples 

A list and the description of samples used in the experiment is presented in the Table 2  

Table 2 List of samples 

Sample Matrix Microcracks Filler Vol. Of filler in 

electrolyte 1 Cr NO - - 

2 Cr YES - - 

3 Cr YES UDDG 5 g/l 

4 Cr YES UDDG 10 g/l 

5 Cr YES UDDG 15 g/l 

6 Cr YES UDDG 15 g/l 

7 Cr YES Al2O3 7 % vol. 
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Hardness measurement 

Roughness of coatings was measured on the Hommel Tester T800. Measurement conditions are indicated 

in the Table 3 

Table 3 Measurement conditions 

Type of sensor TK 100 

Measuring 

range 

80mm 

Measuring track 4,80mm 

Drift speed 0,50mm/s 

Filter M1 DIN4777 

Values of Rz Ra and Rmax was measured by hardness tester.  

3. RESULTS 

Roughness measurement 

Results of hardness measurement are shown in the Table 4 and graphs in Fig. 7, Fig. 8 and Fig. 9. 

Table 4 Mesurement results 

Sample UDDG [g/l] Ra [µm] Rz [µm] Rmax [µm] 

1 0 1,71 9,37 10,78 

2 0 1,64 9,43 11,76 

3 5 2,07 10,98 12,41 

4 10 1,89 10,74 16,23 

5 15 3,9 21,63 27,25 

6 15 4,05 22,15 28,53 

7 0 1,54 9,35 12,49 

 

 

Fig. 7 Ra values 

 

Fig. 8 Rz values 
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The measurement results show that increasing 

the concentration of the UDDG content in the 

electrolyte increases roughness of the surface of 

chromium coating. 

CONCLUSION 

The results show that with increasing of 

concentration of UDDG filler increases surface 

roughness of coating. The question is whether is 

this caused by filler that is built in the coating or 

whatever is this caused by filler presented on the 

surface of the substrate at the beginning of 

chromium plating process. Due to the earlier 

findings which showed that the surface conditions can be influenced by globular graphite can be assumed 

that the surface roughness affects the exposed graphite during early plating on the surface of the substrate. 

In view of the subsequent operations is acceptable UDDG concentration in the electrolyte up to 10 g/l. At a 

concentration of 15 g/l is already state of the surface of the resulting coating unsatisfactory. 
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Abstract  

DLC (Diamond-Like Carbon) is general designation of broad group of layers based on metastable 

amorphous carbon. One area of their application is medicine. DLC layers are in principle bioinert, alloying, in 

this case by zirconium, could change this behaviour to bioactive. Layers prepared on Ti grade 5 ELI at CTU 

Prague contained 7,4 %at. Zr in the form of oxides, based on Xray photoelectron spectroscopy (XPS) 

results. Electrochemical measurements were done in several forms of physiological saline solution (PS). 

Measurement technique was electrochemical impedance spectroscopy (EIS). Precipitation of Ca-P 

compounds from simulated body fluid (SBF) and surface colonization by MG63 human osteosarcoma cells 

were tested as well. Corrosion behaviour of DLC-Zr was in physiological saline solution fully changed by 

alloying. It was more close to zirconium than to carbon. Systems were corrosion resistant even though the 

pH was decreased to 4,2 value as a model of inflammation. Layers were slightly unstable in PS containing 

fluorides (model of prophylactic solution). Alloying by zirconium lead to slight change of layers behaviour to 

bioactive - increase of EIS modullus and decrease of phase during the SBF exposure in comparison with 

exposures in PS indicated surface Ca-P layer creation. This conclusion was confirmed by XPS. DLC-Zr 

layers are stable under common conditions expectable in human body. Alloyed DLC layers supported to 

some extent precipitation of Ca-P compounds from SBF solution, increase of colonization by MG63 cells was 

in the frame of experimental error.  

Keywords: zirconium alloyed DLC layer, electrochemistry, surface analysis, cell colonizatopn  

1. INTRODUCTION 

One of the options of using DLC layers in the biomaterial area is their application as a barrier between the 

implant material and body fluids in the case of alloys that are able to trigger a negative response of an 

organism [1-5]. The DLC coating forms a bioinert barrier [6] that is able to eliminate the undesirable 

corrosion process associated with release of soluble corrosion products into the body fluid. This 

phenomenon applies mainly to dental implants since a part of their surface gets in contact with soft tissue. A 

positive effect of the DLC coating when applied as specified above is described in Kim’s work [7].  

Bioactivation of DLC layers e.g. by alloying should further extend their applicability. As a result of that the 

implant-bone integration should be simpler, the implant should heal faster and could be loaded in a shorter 

time. Bioactivity is evaluated by a set of biological in-vitro and in-vivo tests. Considering their complicacy, in 

the first phase it is suitable to assess activity of the surface by exposing it to the simulated body fluid (SBF) 

[8]. Hydroxyapatite that acts as a precursor of osseointegration precipitates on active surfaces.  

The experiments were focused on the assessment of the influence of alloying a bioinert DLC layer with 

zirconium on corrosion behaviour of the coated system, its interaction with the simulated body fluid and 

interaction with cells.  

mailto:joskal@vscht.cz
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2. MATERIALS AND METHODS 

Flat substrates with a diameter of 16 mm and thickness of 3 mm made of Ti6Al4V ELI alloy were used. The 

surface was treated by polishing to a roughness of Ra = 0.08 m modeling the sliding surfaces of implants 

(samples P), and specimens jet-blasted with final Ra = 1.00 m corresponding to one of the possible surface 

treatments of implants (samples JB). Zirconium alloyed Ti-C:H coatings were prepared at CTU Prague.  

XPS spectra were measured using an EscaProbe P (Omicron) spectrometer with an excitation 

monochromatic Al K (E = 1486.6 eV) source. Detailed spectra were measured in the binding energies 

range of 280-290 eV for C 1s, 176-190 eV for Zr 3d, 344-355 eV for Ca 2p and 130-138 eV for P 2p. Energy 

was normalized to a gold peak 4f7/2 binding energy of Eb = 83.98 eV. 

Electrochemical impedance measurements were conducted in a standard way (measurement at Eocp, 

frequency range 100 kHz - 1 mHz, excitation AC signal 20 mV), using potentiostat PCI4/750 with an ECM 8 

multiplexer (Gamry). A standard silver-silver chloride electrode with a chloride ions concentration of 3 mol/l 

was used as a reference electrode (SSCE). An aerated physiological solution (9 g/l NaCl), physiological 

solution with pH adjusted to a value of 4.2 and simulated body fluid (SBF) prepared according to Kokubo [8] 

were used. Specimens were sterilized (120oC/20 minutes) prior to the exposure. Measurements were 

conducted in PTFE cells at 37oC for 340 hours, with periodical spectra scanning once in 24 hours.  

Biological tests were conducted on sterilized specimens. Cell line MG 63 cultivated in a MEM medium with 

5 % bovine fetal serum added was used for the colonization test. Cells were inoculated directly on the 

surface of the studied material, and the area colonized by the cells after 72 hours of cultivation was 

evaluated. After the end of exposure, the cells on the material surface were fixed and stained using the 

Giemsa stain diluted 10 times with distilled water. The area occupied by the cells on the specimen surface 

was evaluated on ten picture fields minimum, the field of view was 1.29x106 pixels. An area of identically 

cultivated cells on an unalloyed DLC layer was used for control.  

3. RESULTS AND DISCUSSION 

The carbon-zirconium concentration ratio on the surface of the specimens is given in Table 1. The difference 

in concentrations between the unexposed and exposed surface represents both an experimental error and 

differences among specimens. Statistically, the results are not significantly different; the confidence interval 

of the zirconium content determination was on the level of 0.28 % at.  

Table 1 Carbon-zirconium ratio on the surface of DLC layers alloyed by zirconium. 

 Zr [% at.] C [% at.] 

as-received samples 7,4 92,6 

exposed samples (pH non modified, 192 hours exposure) 7,9 92,1 

The surface binding state of zirconium on as-received and exposed samples is illustrated in Fig. 1a, b. 

Based on the position of spectral lines, zirconium was present in an oxidized form - a signal of ZrO2 and ZrO 

was detected. Zirconium concentration has not practically changed after the exposure to the physiological 

solution with unadjusted pH in comparisson with as-received state. However, active interaction of the layered 

structure with the environment is obvious from the increase of the area of peaks corresponding to ZrO2.  

Zirconium being on the surface only in an oxidic form, i.e. not as carbide, is documented in Fig. 1c. The 

signal at the binding energy of 282.3 eV, which corresponds to the carbon present in zirconium carbide, was 

on the level of a background. 
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a) Zr 3d - as-received state 

b) Zr 3d - exposed surface   (pH 

non-modified, 340 hours 

exposure) 

c) C1s - DLC and DLC-Zr -   as-

received state 

Fig. 1 Photoelectron spectroscopy - Zr 3d and C 1s spectral lines 

EIS dependencies determined in the physiological solution with unadjusted pH and in the physiological 

solution with pH decreased to 4.2 were almost identical, therefore, the following text only mentions the 

results for pH = 4.2. The impact of alloying on the course of the electrochemical impedance spectra of DLC 

layers on polished specimens is presented in Fig. 2. Fig. 3 summarizes the same data for layered structures 

deposited on a jet-blasted substrate.  

  
DLC unalloyed DLC-Zr 

Fig. 2 EIS spectra of specimens with polished surface (0.9 g/l NaCl, pH=4.2, Ti6Al4V substrate) 

  
DLC unalloyed DLC-Zr 

Fig. 3 EIS spectra of specimens with jet-blasted surface (0.9 g/l NaCl, pH=4.2, Ti6Al4V substrate) 
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An unalloyed DLC layer - layer of carbon - applied on a polished surface of the substrate acts just as 

a charge transmitter in terms of the interaction with electrolyte. Oxidation-reduction reactions of the 

environment are the electrochemical processes taking place on this layer. Two time constants are apparent 

in the spectra - it is adsorption process (high frequencies) and the charge transfer (low-frequency part). 

Detailed spectra analyses are out of scope of this study, spectra are presented only for comparison. Alloying 

of DLC with zirconium notably changes the character of obtained data. Measured curves are comparable 

with data, which can be collected for numerous passivable materials in a non-aggressive environment. The 

spectra have a capacitive character in a large region of frequencies and the phase angle does not increase 

substantially even at very low frequencies. An equivalent circuit characterizing a simple phase boundary, i.e. 

the circuit consisting of a parallel combination of a constant phase part corresponding to the double-layer 

capacitance and polarisation resistance in series with the electrolyte resistance was used for the spectra 

analysis. The spectra of specimens with a layered system formed on the polished surface were analysed 

using this circuit with both minimum deviations between measured and calculated values and minimum 

errors of calculated parameters. EIS spectra of unalloyed DLC layers could have been analysed the same 

way after elimination of the high-frequency part. The calculated resistances of alloyed layers and unalloyed 

layers were on the level 107 cm2 and 108 cm2, respectively.  

The character of spectra measured on the layered structures deposited on the jet-blasted surface differed to 

a certain extent from the ones discussed above. The typical high-frequency time constant of the unalloyed 

DLC layer was suppressed and the impedance module moved down to lower values. The course of spectra 

measured on the layers containing zirconium was similar to that measured on alloyed specimens with 

a polished surface. The specimen’s cross-cut showed minimum porosity of layers formed on the polished 

substrate compared to the inhomogeneous - porous - coating on the jet-blasted surface. Therefore, 

electrochemical properties of the interlayer (titanium) and alloying agent (zirconium) participate on the 

electrochemical response of the jet-blasted samples.  

One of the basic tests of implant surface possible bioactivity is the exposure in simulated body fluid. This 

environment models blood plasma without any biological components, chemically it is a metastable solution 

oversaturated with calcium. Calcium and phosphorus compounds precipitate on a bioactive surface after 

some time of exposure. Composition of these compounds corresponds to the basic inorganic component of 

a bone - hydroxyapatite. EIS spectra were periodically measured during these exposures again. We 

expected that formation of the layer that essentially has insulation properties would show up as a change of 

the course of curves. The impedance module was expected to increase and on the contrary the phase angle 

was expected to drop. Practically no changes were detected for unalloyed DLC layers. Behaviour of these 

layers was inert in terms of stimulation of hydroxyapatite formation. During the exposure of DLC-Zr alloyed 

samples, the module slightly increased and the phase angle decreased. When expressed by the polarization 

resistance (the module extrapolation to zero frequency), the values changed from 29.106 cm2 to 63.106 

cm2. The phase angle dropped from -72.2° to -77.8°. When exposed to physiological solution, the changes 

were 25.106 cm2/-74.3° (start of exposure) and 35.106 cm2/-76.4° (end of exposure). The change 

evaluated for layered structures formed on jet-blasted surface was less visible - an increase from 77.103 

cm2 to 90.103 cm2. The phase angle dropped from -71° to -72°. The data corresponding to the exposure 

to physiological solution was 535.103 cm2/-71.7° in the beginning and 566.103 cm2/-72.4°. It is obvious 

that the initial estimate was confirmed, however, the changes were of an immaterial nature only. The reason 

may be that there is only 7 % at. of zirconium as the expected bioactivation agent on the surface.  

The analysis of specimens after exposure in SBF by a standard X-ray energy dispersive method did not 

provide meaningful results due to the depth and volume from which the X-ray microanalysis evaluates the 

composition. The formed surface layer was probably too thin and within a few cubic micrometres of the 

analysed volume the information about the presence of phosphorus and calcium was on the level of 

a background. In that respect it was advantageous to use a strictly-surface sensitive XPS analysis. Even in 
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this case the situation was problematic. Evaluation of the composition of the surface containing zirconium, 

upon which calcium and phosphor compounds are expected to precipitate, is complicated due to overlapping 

of sensitive spectral lines of calcium and zirconium. The content of calcium given in Table 2 was therefore 

estimated from the area of the Ca 2p1/2 peak, which is not completely overlapped by zirconium. The 

presence of the formed layer rather shows a substantial decline of the zirconium signal compared to the 

state after exposure in physiological solution (7.9 % at., Table 1).   

Table 2 XPS analysis of specimens exposed in simulated body fluid  

 C Zr Ca P 

 [% at.] [% at.] [% at.] [% at.] 

DLC  99,2 - 0,2 0,6 

DLC-Zr (P) 92,8 5,3 1,0 0,9 

DLC-Zr (JB) 91,1 5,5 1,8 1,6 

 

The study of biological behaviour of DLC specimens alloyed 

with zirconium did not provide unambiguous results (Fig. 4). 

Colonisation increased on specimens with a polished 

surface and dropped in the case of jet-blasted samples. 

Considering the variance of results, the differences were 

statistically not significant.  

CONCLUSIONS 

Under usual circumstances and also in the case of 

decreased pH of the environment (e.g. as a result of 

inflammation) DLC layers alloyed with zirconium are able to 

fulfil the barrier function. Alloying changed the 

electrochemical response of the carbon surface, and 

behaviour of the specimens coated with DLC layer alloyed with zirconium was comparable with a passive 

surface response. Active behaviour of zirconium is obvious from the change of the element’s oxidation state 

after exposure to the physiological solution. Measurement in the simulated body fluid and a subsequent XPS 

analysis proved the capability of the DLC layer alloyed with zirconium to somewhat facilitate precipitation of 

calcium-phosphorus compounds that are one of the precursors of osseointegration. A slight increase of DLC-

Zr surface colonization by cells compared to the unalloyed DLC layer was reported for the system formed on 

polished substrates.  
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Abstract  

In the study the research findings are described regarding the application of innovative solutions from the 

field of the material science and medicine to the inside of modern ambulances. The aim of investigation was 

the most appropriate material and coating choice from the point of view of high sterility level of the inside of 

an ambulance. Examinations were conducted in the two stage procedure. Firstly, bacteria taken from the 

ambulance body paneling being in the everyday use were examined. However the second stage included 

the inoculation and the incubation of identified bacteria on appropriately prepared surfaces of metal sheets of 

ambulance body paneling with antibacterial paints and coatings. In the course of examinations the 

topography of the surface, the adhesion and the lifetime of incubated bacteria colony was estimated. 

Keywords: bacteria, adhesion, ambulance, melex, varnish coatings, plastic  

1. INTRODUCTION 

The subject of the hospital infections is constantly discussed. The last data estimates that the hospital 

infection was the fourth reason of death in the USA and Europe [1, 2]. Staphylococcus epidermidis, 

Staphylococcus aureus are the most typical pathogens identified in the nosocomial circle [3]. Moreover the 

examinations conducted in Chicago indicate the great resistance to antibiotics of Staphylococcus aureus 

detected in ambulances. Despite of application of different techniques of cleaning, the pathogens still stay on 

surfaces of the ambulance [4]. The very important element of the resistance of some bacteria is the biofilm 

creation [5, 6]. It is protecting the micro-organisms from disinfectants. By analogy it can be concluded that 

the discussed problem of infection can concern also the inside of the medical ambulance.  

Not every departments of ambulance service have a high standard of the disinfection of the insides. The 

mobile character of the ambulance functioning, as well as applying strong disinfectants support the 

phenomenon of the corrosion and the adhesion of micro-organisms on the abiotic surfaces [7-9]. The interior 

of the ambulance can be the source of the patient infection. Therefore implementing of all procedures 

making easier keeping the appropriate purity is extremely significant.  

Relying on previous experiences and own research findings [7-10] authors decided to widen the investigation 

spectrum and to concentrate on examining the adhesions of bacteria on surfaces of body paneling of 

sanitary ambulances. 

2. THE AIM AND THE SCOPE OF RESEARCH 

The attention was focused on the body paneling of sanitary ambulances: paneling of internal walls made of 

aluminum sheet (A1 and PA11) and of plastic (three applications). The aluminum surface was coated with 

a standard and antibacterial varnish layer.   

mailto:mhajduga@ath.bielsko.pl
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The investigation aim was the most appropriate choice of materials and anticorrosion coating for keeping the 

sterility of the inside of an ambulance constructed on the HONKER chassis (Fig. 1) used in special 

conditions (Azerbaijan).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 The view of military ambulance a - outside view of Honker; b, c - inside survival equipment 

Research works were conducted is two stage procedure. Firstly, bacteria taken from the ambulance and 

melex body paneling being in the everyday use were examined. However the second stage included the 

inoculation and the incubation of identified bacteria on appropriately prepared samples.  

3. METHODS OF INVESTIGATIONS 

3.1 Material preparation  

Material for testing was taken from the inside of sanitary vehicles: ambulance and melex being in the 

everyday use. Smear tests were made using special transport applicator “Amies” type with agar gel after 

prior moistening the swab with saline solution. Samples were taken from the following places: ambulance - 1. 

plastic part - inside cabinet, 2. steering wheel, 3. ceiling, 4. floor, 5. side walls - metallic parts, 6. stretcher- 

mattress ; melex - 1. plastic part - hand-rail, 2. metal part (aluminum) - patient bed, 3. corroded metal part - 

patient bad, 4. plastic part - cockpit. Samples were appropriately secured during transport to the 

bacteriological laboratory where strains of bacteria were isolated.  

In the second stage the adhesion of chosen pathogens on tested materials were evaluated. For this purpose 

samples with dimensions 100 x 100 mm were cut from aluminum sheet and plastic. Investigated material 

was divided in two groups depending on the kind of the base: A1 - varnish antibacterial coating RAL 9002, 

gloss 90 %; A2 - varnish standard coating RAL 9003, gloss 60 %; B1 - plate of plastic - smooth; B2 - plate of 

plastic - plexi organic glass; B3 - plate of plastic - chattered. Farther, on the surface of all samples the 

measurement of the roughness and surface 3D topography in a few randomly chosen areas was made. 

Examinations were conducted using the profile measurement gauge Perthometer Concept (MAHR). Surface 

(c
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roughness was evaluated on the basis of the value of the parameter Ra - arithmetic mean of the profile 

ordinates. Fig. 2 illustrates the topography of the samples’ surface. 
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Fig. 2 The surface topography of tested samples 

 

The following Ra values were determined: A1 (0,08 μm); A2 (0,11 μm); B1 (0,17 μm); B2 (0,04 μm); B3 (3,20 

μm).  

3.2 Methodology of the bacteria identification  

Aseptic containers with bacteria taken from ambulance were put in nutritious bouillon in order to multiply the 

bacterium (37 oC, 24 h). After the incubation period, material from containers was planted (with marbled 

culture) to the bases type: bloody agar (multiplying basis), gram negative bacilli bacteria bases: McConkey 

(for breeding gram negative bacilli), Chapman (for the Staphylococcus aureus isolation), Sabouraud base 

(for breeding Blastomyces from the Candida kind and fungus yest similar), selective Decoccosel base (to the 

isolation of the bacterium from the Enterococcus kind). After an incubation period (48 hrs), obtained mixed 

population of bacteria were isolated using streak plate techniques to isolate pure bacterial colonies. Next, to 

the final bacterial identification biochemical API test was made using VITEK 2 apparatus (BioMerieux). 

Additionally drug resistance mechanisms were also examined in the identified bacterial strains (i.e. MRSA, 

HLAR, MBL, KPC). Interpretation was done by the certified board of the division of bacteriology (laboratory 

medicine) as a routine interpretation. 

3.3 Methodology of adhesion examinations on model samples  

Basic upon identification results to further examination Pseudomonas aeruginosa and Enterococcus faecalis 

existing in the inner surfaces of medical vehicle were chosen. Adhesion test in metal and plastic plates 

consisted in incubation of chosen strains of bacteria suspension at the density (0.05 - 7 McF) in the volume 

of 3 ml of phosphate buffered saline PBS (Sigma-Aldrich, Mo, USA) together with above mentioned plates 

(metal coated or plastic). Before seeding the bacteria on the plates, plates were also sterilized using UV- 

radiation (24 hrs) to avoid accidental contamination. Next, selected bacteria strains were seeded in streak 

plate technique at the appropriate plates and were incubated 24 hrs in room temperature (25° C). After 
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incubation period the plates were rinsing 3 times using PBS solution (x1). Afterwards, dry plates were 

impressed using Coun-Tact® media (BioMerieux, Fr) to elucidated amount of bacteria in tested surfaces 

(plates). The amounts of obtained bacterial colonies were presented in CFU/ cm2 (colony forming unit per 

cm2).     

4. ANALYSIS OF RESULTS 

The following pathogens were identified inside the medical ambulance: Pseudomonas aeruginosa, 

Enterococcus faecalis, Staphylococcus epidermidis, Bacillus spp, Staphylococcus haemoliticus, Pantoea 

agglomerans. In the melex vehicle Pseudomonas fluorescens and Pseudomonas oryzihabitans were 

isolated. The percentage of contaminated places in the ambulance and melex is given in Table 1 and 2. In 

no case in isolated species of the bacterium a mechanism of the resistance to antibiotics applied in therapy 

wasn't stated (MRSE, MRSCN, MBL, HLAR). 

Table 1 The percentage of contaminated places inside ambulance 

Place of analysis  % of surface  Identified bacterium kind 

Stretcher mattress (n=4) 20 Bacillus spp 

metal part of stretcher (n=9) 30 
Enterococcus faecalis 
Bacillus spp 

Steering wheel (n=4) 50 Pseudomonas aeruginosa 

Floor (n=10) 50 

Enterococcus faecalis 
Staphylococcus epidermidis 
Staphylococcus haemoliticus 
Pantoea agglomerans 

Ceiling (n=10) 10 Staphylococcus epidermidis 

Metal part of ambulance wall 
(n=4) 

40 Bacillus spp 

Table 2 The percentage of contaminated places inside melex vehicle 

Place of analysis % of surface Identified bacterium kind 

Handrail of the patient’s bed 
(n=9) 

20 
Bacillus spp 
Pseudomonas fluorescens 
Pseudomonas oryzihabitans 

Cockpit (n=9) 30 
Enterococcus faecalis 
Pseudomonas stutzeri 
Bacillus spp 

Corroded metallic part of 
patient’s bed (n=10) 

50 
Enterococcus faecalis 
Staphylococcus epidermidis 
Bacillus spp 

 

Results of adhesion research of Pseudomonas aeruginosa and Enterococcus faecalis on tested aluminum 

and plastic samples are presented in Tables 3 - 4. The modern sterilization techniques and the disinfection 

procedures of medical interiors are insufficient to eliminate the risk of the appearance of infection. The 

problem regards both of the hospital circle and the inside of sanitary vehicles. It was stated that with the 

surface roughness increasing the level of bacteria adhesion also increases, but the colonization on the 

surface is independent of this factor. It is particularly visible in case of the adhesion of chosen bacteria 

strains on plastic surfaces. The roughness expressed by Ra coefficient has the highest value in the B3 

sample - 3.2 µm, the smallest in B2 - 0.04 µm. In case of varnish coatings the value of the Ra coefficient in 
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samples A2 and A1 is comparable and amount to 0.08 µm and 0.11 µm (Fig. 2). However the level of the 

adhesion on plastic samples is considerable higher than on varnish samples. 

Table 3 Bacteria colonies number on the tested surfaces - A1) antibacterial varnish (RAL 9003); A2) 

standard varnish (RAL 9002) 

Samples 

number 

Bacterial 

strain 

Density of bacterial 

cells [McF] 

A1 A2 

Amount of bacterial colony [CFU / cm2 ] 

 

n=6 

 

Pseudomonas 

aeruginosa 

0.5 - 0 

1 0 0 

3 0 - 

5 0 > 150 

7 1 - 

n= 6 
Enterococcus 

faecalis 

0.5 - 0 

1 0 0 

3 0 - 

5 1 > 180 

7 1 - 

Table 4 Bacteria colonies number on the tested surfaces - B1) Plastic - plate (smooth surface); B2) Plastic - 

plexi plate; B3) Plate of plastic - chattered 

Samples 

number 

Bacterial 

strain 

Density of bacterial 

cells [McF] 

B1 B2 B3 

Amount of bacterial colony [CFU / cm2 ] 

 

n=6 

 

Pseudomonas 

aeruginosa 

0.05 > 10 >10 - 

0.5 > 250 >100 0 

1 - - 0 

5 > 300 >150 >500 

n= 6 
Enterococcus 

faecalis 

0.05 >10 >10 - 

0.5 > 150 >100 0 

1 - - 0 

5 >250 >150 >600 

Bacteria isolated from the surface of internal ambulance paneling can be a certain threat to patients health 

with lowered immunity and/or during immune-suppressing treatment, particularly Enterococcus faecalis, 

Staphylococcus haemoliticus. However a Staphylococcus aureus bacterium responsible for hospital infection 

dangerous to the life of patients wasn't isolated including MRSA. Staphylococcus epidermidis and 

Enterococcus faecalis, Pseudomonas aeruginosa are the most frequent isolated pathogens from the interior 

of the sanitary ambulance (Table 1). In the melex vehicle Pseudomonas spp. and Enterococcus faecalis 

bacteria were identified (Table 2). Authors aren't able to state, whether tested vehicles are pointing at the 

permissible level of bacterial pollutant. However, undoubtedly pathogens can be a threat to patients health 

with the lowered immunity or during immune-suppressing treatment. As a result of conducted adhesion 

analyses of the chosen bacteria strains (Psudomonas aeruginosa, Enterococcus faecalis) authors stated, 

that varnish antibacterial coating (RAL 9003) on A1 samples effectively protects from adjoining of tested 

pathogens. In tested densities of the bacteria culture (1-5 McF) on A1 (RAL 9003) plates, we didn't state the 

presence of the bacteria after 24 hours of the incubation (Table 3). Adjoining and survival rate of tested 

bacteria on standard A2 (RAL 9002) plates is higher in comparison to A1 (RAL9003) plates. After 24 hours of 

the incubation of bacteria cultured on plates A2 (RAL 9003) in density 5 McF, over 150 bacterial colonies at 

the cm2 of surface were observed that confirms the high level of the surface infection. However standard 

plates were sterile after the bacteria culture in lower concentrations (0.5-1 McF). It was stated that tested 
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bacteria adjoin easily to plastic surface. After 24 hours of the incubation, depending on micro-organism kind 

and the density of the culture, different contamination of the tested surface was observed >300 CFU/cm2 

(Pseudomonas aeruginosa), >250 CFU/cm2 (Enterococcus faecalis) at the density of culture 5 McF. 

The analogous density of the culture on chattered plates results in the even higher percentage of adjoining 

bacterial colonies after 24 hours of the incubation >500 CFU/cm2 (Pseudomonas aeruginosa), < 600 

CFU/cm2 (Enterococcus faecalis). 

5. CONCLUSIONS 

On the basis of conducted laboratory examinations and results discussion the following conclusion can be 

formulated: 

1) Bacteria isolated from the surface of internal ambulance paneling can be a certain threat to patients 

health with lowered immunity and/or during immune-suppressing treatment, particularly Enterococcus 

faecalis, Staphylococcus haemoliticus. However a Staphylococcus aureus bacterium responsible for 

hospital infection dangerous to the life of patients including MRSA wasn't isolated. 

2) The varnish coating RAL 9003 covers the surface effectively and protects against adhesion of tested 

micro-organisms in a wider range of culture in comparison to standard plates RAL 9002.  

3) It was stated that with the surface roughness increase the level of bacteria adhesion increases, but the 

colonization on the surface is independent of this factor. The most easily run the adhesion of bacteria 

cultured on plastics particularly on chattered surface in comparison to the smooth one. 
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Abstract  

To obtain the superior quality coatings, it is necessary to provide the optimization procedure of all sprayed 

coatings. Although the spraying parameters of the group of materials (etc. Co-based alloys, WC-based 

cermets coatings and so) are use to be similar, the differences in alloy elements or matrix composition can 

make a difference in the most appropriate spraying parameters. Even for the powder with similar composition 

and declared manufacturing technology, the powder can change in a way, that influence the final coatings 

properties, and small change in spraying parameters (flame temperature, velocity, spraying distance and so) 

could be necessary to keep the coating properties. For that reason, the optimization should be done in the 

case of change of powder supplier to ensure the coatings quality. In the paper, the optimization procedure 

and some basic mechanical properties such as hardness, microhardness and abrasive wear resistance of 

two CrC-based HVOF cermet coatings with different matrix material (NiCr and CoNiCrAlY alloy) are 

compared and the influence of the matrix material is described.  

Keywords: Coating, Cr3C2-NiCr, Cr3C2-CoNiCrAlY, HVOF, spraying parameters, abrasive resistance, 

hardness 

1. INTRODUCTION 

The technology of High Velocity Oxygen-Fuel (HVOF) spraying is well established technology of thick 

coating deposition. The available range of flame temperatures and velocities makes the HVOF technology 

among other thermal spray technologies (such as atmospheric or vacuum plasma spraying, flame or electric 

arc spraying) the most suitable for spraying of cermet materials. The high flame velocity in combination with 

the medium temperatures enables to spray cermet coatings with low amount of oxides and low porosity and 

with inner compressive stress. The most often used cermet materials can be divided into two groups - the 

cermet based on WC carbides and the cermet based on Cr3C2 carbides. While the WC-based cermets are 

well known for their excellent wear resistance, but their usability is restricted by temperature, the CrC-based 

cermets are used in the hot environments. In this paper, the attention is paid to the CrC-based cermet HVOF 

coatings. The Cr3C2 carbide is usually combined with 25 % of NiCr matrix. Such a composition is largely 

used in the industry where the high temperature resistance combined with sliding, abrasive and erosion wear 

resistance is required (e.g. power industry). In many cases, it serves as an alternative to the environmentally 

danger hard chromium [1,2].   

Up to now, many papers were focused on the microstructure and [3] of Cr3C2-25 %NiCr HVOF sprayed 

coating.  Much attention was paid to their high temperature erosion resistance, in relation to the potential of 

the Cr3C2-25 %NiCr coating to counter the erosion of turbine components [1,4-6], to the corrosion resistance 

[2,7] or hot corrosion behavior in an aggressive environments [8,9]. 

While erosion resistance is usually found to be excellent, the results of corrosion resistance testing are 

fluctuating. The porosity and strength of splat boundaries as well as the boundaries between carbides and 

matrix are responsible for penetration of corrosive media through the coating. Moreover, the latest work of 

Mathews [6] shown, that in certain conditions the oxidation of Cr3C2-25 %NiCr coating is more pronounced 

than expected due to preferential oxidation of the Cr3C2 carbides - matrix boundaries. The same observation 

was made in the service life of the Cr3C2-25 %NiCr coatings sprayed in VZU Pilsen.  

file:///C:/Users/konference/AppData/Local/Temp/houdkova@vzuplzen.cz
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To avoid oxidation defects in servis, the two possible ways occurred. First is to optimize the spraying 

parameters of the Cr3C2-25 %NiCr coatings to get the superior coatings properties. It can be done by 

changing the temperature and velocity of the flame in certain range to decrease the amount of porosity and 

increase the inner cohesion in the coating. Second way is to change the coatings composition to increase 

the oxidation and corrosion resistance. While WC carbides cannot be used in the hot environments, the 

Cr3C2 carbides have to be combined with matrix with alternated composition. The CoNiCrAlY alloy has 

premium high temperature oxidation resistance [9,10]. It is widely used as a bond coat for plasma sprayed 

thermal barrier coatings [11]. Even if the Cr3C2-25 %CoNiCrAlY powder is commercially available, not many 

papers dealing with its mechanical or wear properties have been found. In our lab, some preliminary 

experiments were done to evaluate the mechanical and sliding wear behavior of Cr3C2-25 %NiCr [12,13]. It 

was shown, that it has very good sliding properties, but its inner cohesion is poor compare to Cr3C2-

25 %NiCr. The poor cohesion can be caused by using not optimized spraying parameters.  

In this work, the attention is paid to the optimization procedure of both types of coatings: Cr3C2-25 %NiCr 

and Cr3C2-25 %CoNiCrAlY. The microstructure and basic properties of coatings sprayed by different 

spraying parameters are compared, and the parameters giving best results were chosen for both coating.   

2. EXPERIMENTAL 

2.1  Coatings preparation 

The two sets of samples were sprayed onto grit blasted 11 523 substrate. The Amperit© powders 588.074 

and 594.074 were used to spray Cr3C2-25 %NiCr and Cr3C2-25 %CoNiCrAlY coatings, resp. The spraying 

parameters optimization procedure is based on varying of oxygen and fuel amount to obtain flame with 

various temperature (represented by equivalent ratio F) and velocity (represented by combustion pressure 

p). The spraying parameters are summarized in the Table 1 and 2 and following text for Cr3C2-NiCr and 

Cr3C2-CoNiCrAlY coatings, resp. 

Table 1 Variable spraying parameters of Cr2C2-NiCr coating - designation of the samples 

F 

p [psi] 
0.8 0.9 0.98 1.1 1.13 

95 1 2 3   

100 4 5 6 13  

105 7 8 9  14 

111 10 11 12  15 

Constant spraying parameters of Cr3C2-NiCr: 

Spraying distance: 360 mm; Carried gas: nitrogen; Carried gas flow: 6,5 l/min; Traverse speed: 250 mm/s; 

Offset: 6 mm; Barrel length: 100 mm 

Table 2 Variable spraying parameters of Cr3C2-CoNiCrAlY coating - designation of the samples 

F 

p [psi] 
0.8 0.9 0.98 1.1 1.13 

95 1 2 3  10 

100 4 5 6  11 

111 7 8 9 12  

Constant spraying parameters of Cr3C2-CoNiCrAlY: 

Spraying distance: 420 mm; Carried gas: nitrogen; Carried gas flow: 6,5 l/min; Traverse speed: 250 mm/s; 
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Offset: 6 mm; Barrel length: 150 mm 

2.2  Experimental methods 

The microstructure of the coatings were evaluated on the cross sections (grinded and polished using 

automatic Leco grinding and polishing equipment) by optical microscope Nicon Epiphot 200 using 

magnification 50x and 100x, SEM Quanta 200 from FEI using magnification 200x, 1000x and 3000x. The 

thickness of the coatings was measured on the coatings cross-sections by optical microscope. For each 

coating, at least 5 measurements were done and the average value was calculated. The surface roughness 

was measured by surftester Mitutoyo SJ-201P, according to DIN EN ISO 4287. The reported values are 

average from at least five measurements. The surface hardness HR15N was measured on the as-sprayed 

coatings surfaces using hardness tester Rockwell HT 8003. The reported values are average from at least 5 

measurements. The coating microhardness HV0.3 was measured on the coatings cross-sections. The 

reported values are average from at least 7 measurements. The abrasive wear resistance of the coatings 

was evaluated by Dry Sand/Rubber Wheel test according to ASTM G-65. The reported values are the 

average from 2 measurements.  

3. RESULTS 

3.1. Coatings microstructure 

While Cr3C2-NiCr coatings microstructure where described many times [14], no profound discussion about 

the Cr3C2-CoNiCAlY HVOF coatings microstructure was found. 

In the case of Cr3C2-NiCr, all sprayed coatings showed low amount of porosity, no appearance of cracks or 

delamination on the coating substrate boundaries. In the Fig. 1 there are the microstructure of Cr3C2-NiCr 

coating, sprayed by the lowest temperature and velocity, compared to the Cr3C2-NiCr coating, sprayed by 

the highest temperature and velocity (par. 1 vs par. 15). It can be seen, that the level of temperature induced 

softening combined with higher kinetic energy led to lower amount of porosity and smaller intersplat pores. 

The plastic deformation of the binder phase on the splats boundaries is recognizable. The better wear test 

results (Fig. 3) indicates, that the intersplat cohesion is increased.  

 
Fig. 1 SEM of Cr3C2-NiCr and Cr3C2-CoNiCrAlY coatings microstructures: a) Cr3C2-NiCr-Parameters 1; b) 

Cr3C2-NiCr-Parameters 15; c) Cr3C2-CoNiCrAlY-Parameters 12 

Based on the observation obtained during Cr3C2-NiCr optimization, the longer spraying barrel (150 mm 

instead of 100 mm) was used. The longer spraying barrel leads to the higher temperature of the sprayed 

powder, which seemed to be beneficial in the case of Cr3C2-NiCr. Nevertheless, the sets of parameters with 

lowest equivalent ratio (EP~0.8), representing the sets of parameters with the lowest temperature, was not 

able to produce any coating. The individual droplets didn´t attach to each other, and no coating was 
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deposited. The coating was 

deposited starting from 

EP~0.9, even if the inner 

cohesion of coatings 2, 5 

and 8 were poor. (Fig. 2).  

In the Fig. 1, the SEM of 

Cr3C2-NiCr coating sprayed 

at the lowest flame 

temperature and velocity 

(Par. 1) is displayed to be 

compared with Cr3C2-NiCr 

sprayed at the highest flame 

lowest temperature and 

velocity (Par. 14) and to the 

microstructure of the best 

Cr3C2-CoNiCrAlY coating 

(par. 12). The microstructure 

of Cr3C2-CoNiCrAlY - Par. 

12 is comparable with the 

microstructure of Cr3C2-NiCr 

- Par. 1, but worse than the 

microstructure of Cr3C2-NiCr - Par. 15, concerning the amount of porosity. The coating microstructure 

observations are in agreement with the surface roughness, microhardness and wear tests results. 

3.2. Properties of the CrC-based coatings 

The results of all measured CrC-based coating are summarized in the Fig. 3. Comparing the Cr3C2-NiCr and 

Cr3C2-CoNiCrAlY coating it can be said, that the Cr3C2-NiCr showed slightly better behavior, even if the 

differences are not so significant. The biggest disparity is observed in the surface hardness measurement - 

the difference between the most hard Cr3C2-NiCr (91.6 HR15N - Par. 15) and Cr3C2-CoNiCrAlY (87.8 HR15N 

- Par.12) represents almost 9 HRC units (64 HRC vs. 55 HRC, resp.). On the other hand, the microhardness 

HV0.3 is almost comparable. The most important functional property, the wear resistance, is better in the 

case of Cr3C2-NiCr. The intersplat cohesion is one of the substantial properties for high wear resistance. Its 

Cr3C2-CoNiCrAlY lower value can be also responsible for lower values of HR15N. The surface roughness 

indicates the spreading of the particles after impingement. The lower the Ra and Rz values are, the better 

the coating spreading can be presumed. Also in this case, the Cr3C2-CrNi coatings are slightly better 

compare to Cr3C2-CoNiCrAlY.In both cases, the same tendency of dependence on spraying parameters was 

observed: the higher temperature and velocity, the better. The limitations can be found in relative deposition 

efficiency. The further increase of temperature and velocity of impacting droplets can lead to a splashing of 

coating materials and decreasing of efficiency. Another question arises in relation to the coating phase 

composition and amount of inner oxides. The high temperature can cause the creation of undesirable 

carbides decomposition, as well as increase of the amount of oxides on the splat boundaries, that both can 

deteriorate the coating properties. The functional properties of the both types of CrC-based coatings, 

sprayed by the best chosen parameters (Par. 15 for Cr3C2-NiCr and Par. 12 for Cr3C2-CoNiCrAlY) will be 

further tested for high temperature oxidation resistance and for resistance against the influence of hot steam 

environment. In both tests, the intersplat cohesion is one of the most important parameter. 

Fig. 2 Cr3C2-CoNiCrAlY coatings microstructures 
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    a)            b) 

 

Fig. 3 Properties mechanical properties of a) Cr3C2-NiCr and b) Cr3C2-CoNiCrAlY coatings in dependence on 

spraying parameters 
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4. CONCLUSION 

The two types of CrC-based HVOF sprayed coatings with different matrix material were evaluated in 

dependence on the spraying parameters. In both cases, the higher temperature and velocity of the flame 

gives better coatings. The Cr3C2-NiCr coating generally achieved better results of all evaluated properties, 

but the difference was not too pronounced. For both coatings, the optimized parameters were found and will 

be further used for R&D purposes as well as for commercial uses. 
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Abstract 

The paper summarizes the results of experiments focused on the re-melting of HVOF sprayed NiCrBSi 

coatings on steel substrate. Two different methods of laser re-melting were used. First uses a direct diode 

laser with spot dimensions 1 x 12 mm and power up to 4 kW. The second method uses a solid state disc 

laser with spot diameter 800 μm and power up to 5,3 kW in combination with scanning head which allows 

fast displacement of laser spot. The main objectives of the presented paper are the study of processing 

parameters and comparison of the two used technologies.  

Keywords: surface treatment, laser re-melting, NiCrBSi coatings 

1. INTRODUCTION 

HVOF sprayed NiCrBSi coatings are widely used, especially as a wear, corrosion and oxidation resistant 

coatings. The sprayed NiCrBSi coatings exhibit the typical microstructure resulting from the spraying 

technology: pores, oxides and un-melted particles. Thanks to the unique coating material composition, the 

NiCrBSi can be fused after the spraying process to increase the functional properties, namely the corrosion 

resistance. While chromium is responsible for corrosion and oxidation resistance and thermal stability, boron 

and silicon is decreasing the melting temperature and help to the re-melting process, the presence of carbon 

enables to create the carbides, that can increase the hardness and wear resistance of the coating [1]. 

The re-melting process is realized most often by flame [2,3], in the furnace [4], or lately by energy of high-

power lasers [1,3,5,6,7]. The laser beam is absorbed by surface layer, the energy is transformed to heat and 

the coating layer is melted very fast. Further, the heat is conducted to substrate material, which work as 

efficient heat sink, and the coating layer re-solidify. The main advantage of using laser is the precise control 

of the process parameters, such as laser beam power, dimension, speed of displacement on surface etc. 

It can be well controlled to reach locally the temperature necessary for melting the coating as well as to 

create the metallurgical bonding between the coating and substrate and simultaneously avoid the influencing 

of the substrate material. On the other hand, the laser re-melting process brings a risk of creation of the 

cracks, caused by the high thermal gradient in the small influenced area [7]. The presence of cracks is 

crucial regarding the corrosion resistance, the property of interest in the re-melting process. The attention 

has to be paid to precise process parameter adjustment. The pre-heating and controlled cooling should take 

a place to avoid the crack formation and coated component deformation [3,4,8]. 

This study presents two different methods for laser re-melting of HVOF sprayed NiCrBSi coatings. The aim 

of the work is finding suitable process parameters, comparing the final properties of re-melted layers and 

presenting the main possibilities of both methods. 

2. EXPERIMENTAL PROCEDURE 

The NiCrBSi coating was sprayed by HP/HVOF TAFA JP5000 spraying equipment in VZU Plzen onto grit 

blasted 11 523 substrate. For spraying, the FST 771.33 powder was used. The grit blasting was realized by 

Al2O3, F22 (with a grain size 0.8-1 mm). The dimensions of substrate (200 x 100 x 10 mm) were chosen to 

ensure sufficient heat dissipation during re-melting process. The thickness of sprayed coating was 400 µm. 

mailto:mvostrak@ntc.zcu.cz
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First method of laser re-melting uses a HPDD laser Coherent HighLight ISL4000L which emits on 

wavelengths 808 nm. The maximal power is 4280 W. The spot is rectangular with dimensions 1 x 12 mm, 

with Gaussian distribution of energy in short axis. A lens can be used to widen the short axis to 6 mm to 

achieve larger spot with lover power density. The working distance of laser head is 90 mm. The laser head is 

mounted on industrial robot Fanuc 710iC which allows motion in 6-axis (Fig. 1a). 

A series of experiments was conducted to find optimal process parameters. The tested parameters were: 

laser power (1000-4280 W), process speed = speed of displacement of laser beam on surface (6-200 cm/s), 

and the shape of laser beam (with and without lens). Further, the sample was placed on electrical hotplate to 

pre-heat the sample to temperature of 250°C. The pre-heating ensures the smaller temperature gradients 

during process and slower cooling of the sample afterwards. 

The second method uses solid state laser Trumpf TruDisk 8002, which emits on wavelength 1030 nm and 

the maximal power is 5300 W. The laser radiation is coupled via optical fiber to 3D-scan system Scanlab 

inteliWELD 30 FC V. It produces circular spot with diameter 800 µm. The scanhead produces an elliptical 

image field of 385 x 270 mm, focus range in z direction is ±70 mm and the maximal scanning speed is 

21.5 m/s. Series of experiments were performed using different laser parameters and scanning patterns to 

discover possibilities of this method (Fig. 1b). 

 

Fig. 1 a) HPDD laser Coherent HighLight ISL4000L (left), 

b) Disc laser Trumpf TruDisk 8002 and 3D-scan system Scanlab inteliWELD 30 FC V (right) 

The microstructure of the coatings were evaluated on the cross sections (grinded and polished using 

automatic Leco grinding and polishing equipment) by optical microscope Nicon Epiphot 200 and by digital 

optical 3D microscope Hirox KH7700 using magnification 50x and 100x. The coating microhardness HV0.3 

was measured in the middle of coatings cross-section. The reported values are average from at least 7 

measurements.  

3. RESULTS AND DISCUSSION 

3.1  Re-melting with HPDD laser 

Re-melting by HPDD laser shows that combination of high power and process speed around 100 cm/min 

results in higher hardness. Lower power and process speed around 7-20 cm/min shows lower hardness, but 

deeply re-melted, dense, compact structure with bigger grain size. In re-melted coating the cracks occur due 

to stress generated during cooling of the sample (Fig. 2). These cracks are often induced in locations, where 

Al2O3 particles, embedded into substrate surface during grit blasting, are build in structure. These particles 

behave as strong stress concentrator. The cracks appeared for all combination of parameters without pre-
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heating of the sample. With pre-heating to temperature 250°C, only parameters with slowest process speed 

results in re-melted coating without cracks. In this case the combination of pre-heating and slow process 

speed gives the material enough time to re-crystallize. The structure is dense, with bigger grain size (Fig. 3) 

but the final hardness is lower (Table 1).  

The Table 1 shows example of process parameter of re-melting of pre-heated sample in relation with final 

microhardness HV0.3 of re-melted coating. The relationships between the laser treatment parameters and 

coatings microhardness is not straight: both the specific energy and the spot geometry play their roles. The 

microstructure study showed, that the decrease of hardness is connected both with a re-distribution of hard 

precipitates in the microstructure and with the realizing of the inner compressive stress, presented in the as-

sprayed coatings microstructure [3].The higher thermal input and longer time available for solidification led 

into the lower hardness.  

Table 1 Process parameters with pre-heating of the sample 

Test no. 
Process 
speed 

(cm/min) 

Laser spot 
dimensions 
(mm x mm) 

Specific 
energy 
(J/mm2) 

HV0.3 

1 100 12 x 1 21.4 809 ± 40 

2 45 12 x 1 24.4 779 ± 35 

3 15 10 x 1 43.5 669 ± 65 

4 55 12 x 6 38.9 800 ± 46 

5 25 12 x 6 43.8 778 ± 53 

6 7 10 x 6 93.2 781 ± 31 

 
Fig. 2 Re-melting with pre-heating of the sample, test no. 2, surface (left) 

and cross-section (right) of re-melted coating with cracks 

 
Fig. 3 Re-melting with pre-heating of the sample, test no. 6, surface (left) 

and cross-section (right) of re-melted coating without cracks 
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3.2  Re-melting with scanning method 

The Table 2 shows example of process parameters of re-melting with scanning method. Each test presents 

a different scanning pattern. All parameter combination results in cracking of the surface, often more than in 

previous method (Fig. 4). The main reason of this cracking is that laser power is concentrated to small spot 

and whole process is very quick. Nevertheless, the change of laser treatment parameters led to significant 

change in cracks morphologies, which show the potential of the method to create the cracks-free coating. 

More test have to be performed to find parameters and scanning patterns, which will distribute the laser 

power more evenly and will lead to re-melted coating without cracks. 

Table 2 Process parameters of re-melting using scanning method 

Test no. 

Laser 

power 

(W) 

Dimensions 

(mm x mm) 

Process 

time (s) 

Specific 

energy 

(J/mm2) 

1 1007 10 x 20 4.2 21.3 

2 1007 10 x 20 8.4 42.3 

3 2014 10 x 20 8.4 84.6 

4 2014 10 x 20 5.4 54.4 

5 1007 10 x 20 10.0 50.9 

6 2014 10 x 20 10.0 101.2 

 

Fig. 4 Surface of coatings re-melted by scanning method, test no. 1 (top left), test no. 2 (top right), test no. 4 

(down left), test no. 6 (down right) 
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4. SUMMARY 

Two methods for re-melting of HVOF sprayed NiCrBSi coatings were presented on series of experiments. 

First direct method uses HPDD laser. The fast process speed in combination with high laser power results in 

higher hardness of re-melted coatings. Cracking of the re-melted coating appeared due to high tension. The 

combination of pre-heating of the sample and very slow process speed (7 cm/min) resulted in coating without 

cracks but with lover hardness. The mechanical properties of this re-melted coating subdue further testing. 

The results will be published elsewhere. Next step in this method will be to find parameters with higher 

process speed which will produce the crack-free coatings with higher hardness. The higher process speed 

will have advantage in better industry applicability of this method. 

The second scanning method has advantage of better accessibility to shape-complicated surfaces due to 

high working distance of used optics and large scanning area. By using scanning control software it 

represent easier and more precise way to control the whole process. First test using this method were 

presented. Different sets of parameters and scanning pattern were tried, but all combination results in 

cracked coating. The method is usable for re-melting of NiCrBSi coatings, but more work has to be done to 

find optimal parameters which will lead to coating without cracks. 
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Ivo ČERNÝ, Dagmar MIKULOVÁ, Jiří SÍS 
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Abstract  

An effect of laser hardening with two different groups of parameters on fatigue resistance of 42CrMo4 steel 

was studied. Basic material was heat treated with a homogenous microstructure of tempered martensite. 

Additional laser surface hardening was applied on relatively small samples of 8 x 8 mm cross section. 

Thickness of hardened layer corresponded to 1.5 - 2 mm, if evaluated from microstructure changes and 

approximately 0.5 mm, if evaluated from 50 % drop of microhardness values. Effect of laser hardening on 

fatigue strength and fatigue limit was not unambiguous and depended on the treatment parameters. Both 

increasing and reduction of fatigue resistance was shown. Results are discussed considering effects of 

microstructure and residual stresses. 

Keywords: Laser hardening, 42CrMo4 steel, fatigue strrength 

1. INTRODUCTION 

Laser surface hardening is an advanced method of surface treatment of structural steels with a great 

potential for wide industrial applications. The technology is quite new and so, investigations have to be 

performed in order to gain a comprehensive knowledge about effects on microstructure, hardness, surface 

properties of treated materials, but also mechanical an particularly fatigue properties.  

Concerning fatigue resistance of material treated with this technology, results and knowledge recently 

published in the literature indicate that fatigue resistance can be either reduced or increased, even 

considerably, depending on numerous parameters of basic material, laser hardening parameters etc. If the 

treatment conditions and parameters are optimised considering specific composition and properties of the 

base material, fatigue strength and limit can be increased even by several tens of percents 1, 2. Particularly 

residual stresses and their distribution in surface and subsurface layers play an important role 3. Effects of 

laser treatment on existing cracks, either short surface or subsurface or long cracks at conditions of fatigue 

loading represent a specific field of problems 4, 5. Even in this cases, significant retardation effects on 

fatigue crack propagation in the laser hardened layers can be reached 6.  

Particularly in quite recent years, in 2010 and 2011, results of new investigations have been published, 

which concern either favourable or unfavourable effects of laser hardening in combinations with some other 

types of surface treatment like coating, shot peening etc. 7. Note that a significant, positive effect of laser 

hardening using previous generation of lasers in a combination with subsequent surface polishing on fatigue 

strength in a high cycle regime and fatigue limit was shown and described at SVÚM already several years 

ago 8. 

This contribution contains results of a partial study of effect of laser hardening of relatively small specimens 

on fatigue resistance of 42CrMo4 steel. 

mailto:Ivo.Cerny@seznam.cz
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2. EXPERIMENTAL PROGRAMME 

Low-alloy premium chromium - molybdenum 42CrMo4 steel suitable for both heat treatment and surface 

heat treatment was chosen for the experimental programme. The material was obtained in both versions of 

chemical compositions being used, namely 42CrMo4 and 42CrMoS4 versions, the latter one with 

guaranteed range of sulphur content, usually higher than in the version 42CrMo4. The guaranteed range of 

sulphur content in 42CrMoS4 steel is between 0.020 and 0.040 % with ± 0.005 % tolerance in a final pruduct. 

Chemical composition of the steel according to the material sheet of the provider - Bohdan Bolzano Ltd. 

company is in the following Table 1 9.   

Table 1 Chemical composition of 42CrMo4 steel 

Element C Si Mn P S Cr Mo 

Weight % 0.38-0.45 max. 0.40 0.60-0.90 max. 0.025 max. 0.035 0.90-1.20 0.15-0.30 

Analyses of actual chemical composition carried out using an optical emission SPECTROMAXx stationary 

metal analyzer confirmed an agreement with the material delivery sheets. A certain paradox was slightly 

higher sulphur content in the 42CrMo4 version than that in the 42CrMoS4 modification. In the former case, 

the sulphur content namely was close to the maximum limit whilst in the latter case, it was almost exactly at 

the lower limit. In general, the sulphur content was very similar in both the steels.  

According to the delivery sheets, the steel was heat treated. Actual strength corresponded to the values is 

declared. Metallographical analyses, however, showed considerable microstructure inhomogeneity, atypical 

for heat treated state (Fig. 1). Therefore, before continuing in the experimental programme, the material was 

heat treated again with the same target values of strength and homogenous microstructure (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

In the next step, specimens for fatigue tests under three point bending were manufactured from both the 

steels. Cross section of the specimens was 8 x 8 mm, total length 140 mm. The aim of the fatigue test 

programme was to evaluate fatigue strength in both regions of limited fatigue life and fatigue limit - the 

complete S-N curve. Reference specimens for fatigue tests of the same heat treated material, but without 

laser hardening were manufactured, too.  

Laser surface heat treatment of specimens was carried out in MATEX PM Ltd. company. Two different 

parameters were used, namely surface speed of the laser beam 3 mm/s and 4 mm/s, respectively, by a 

Fig. 1 Original inhomogeneous microstructure of 

42CrMo4 steel with impurities and inclusion 

Fig. 2 Homogeneous microstructure of tempered 

martensite after additional heat treatment 
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constant laser beam power of 1200 W. Depth of the laser treated material evaluated from microstructure 

changes in cross section was between 1.5 

and 1.8 mm. Evaluating the depth from 

50 % drop of hardness, then the value was 

considerably lower, between 0.5 and 0.8 

mm.  

Three point bend fatigue tests were 

performed at constant load range with load 

asymmetry R = 0.1 (Fmin / Fmax). Load 

frequency was 40 Hz, load span 120 mm. 

Tests were carried out on SCHENCK PHG 

fatigue machine. Specimen prepared for 

the test is shown in Fig. 3.  

 

 

 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Results of bending fatigue tests (Fig. 4) provided important findings. Regression lines for different groups of 

specimens were evaluated from another diagram with stress range values on horizontal axis as independent 

variables and number of cycles to failure as dependent variables on vertical axis. Exponential dependence 

was used for the regression lines: 

N = A  exp(B  ),  

where N is number of cycles to failure,  is stress range, A and B coefficients of regression dependencies. 

Exponential dependence fitted the experimental points better than power dependence.  
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Fig. 4 Fatigue S-N curve of different groups of specimens 

Fig. 3 Specimen on SCHENCK PHG machine during three-

point-bend fatigue test 
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In the diagram, abbreviations 1200/3 and 1200/4 are used, which mean laser hardening with 1200 W power 

and laser beam speed on the surface 3 mm/s and 4 mm/s, respectively. Concerning reference tests of basic 

heat treated material without laser hardening, specimens of the 42CrMo4 steel and 42CrMoS4 steel are 

evaluated separately.  

Quite surprising and atypical is the high scatter of results, particularly in case of 42CrMoS4 steel without 

laser treatment (reliability value expressed by regression coefficient R2 is very low, 0.22 only) and partially 

also in case of 42CrMo4 steel without laser treatment (R2 = 0.33). It means that from the viewpoint of fatigue 

properties, differences between the two versions of the material actually exist, which were not evident either 

from analyses of chemical composition or microstructure or hardness measurements. The scatter is 

significant particularly in the region near fatigue limit, when several premature specimen breaks occurred. 

From this point of view, the version 42CrMoS4 was worse than the 42CrMo4 version. Further analyses will 

be carried out, especially fractographical analyses, to explain reasons of this phenomenon. 

Very positive are results of fatigue tests of specimens hardened with the higher surface speed of laser beam, 

where there is a very low scatter - coefficient R2 = 0.99 and higher fatigue limit in comparison with the basic 

material, just heat treated. In fact, laser hardening removed scatter and improved fatigue resistance in the 

whole stress range, both near fatigue limit and high amplitudes. This effect likely is connected with significant 

values of compressive residual stresses in the longitudinal direction, measured using X-ray method (Ganev 

N. et. al.). Fig. 1 shows a presence of large inclusions in the basic material, which are probably initiation 

points of fatigue cracks. Laser hardening does not remove the inclusions, but compressive stresses induced 

by the laser treatment are able to retard or even arrest physically short fatigue cracks emanating from the 

inclusions 6, 10-12.  

Laser hardening with 3 mm/s surface speed of the beam - the lower speed - did not improve fatigue 

properties, fatigue strength was even reduced. This results also is in an agreement with an occurrence of 

longitudinal compressive residual stresses, which were much lower, almost negligible in this case.  

4. CONCLUSIONS 

The most important results of investigation of effects of laser surface hardening with two different parameters 

on fatigue properties of low alloy 42CrMo4 and 42CrMoS4 steels, respectively, can be summarised as 

follows: 

 Results of fatigue tests of basic reference material, heat treated, but without laser surface treatment 

had surprisingly high, atypical scatter, particularly in case of the 42CrM oS4 version. From the 

viewpoint of fatigue properties, differences between the two versions of the material actually exist, 

which were not evident either from analyses of chemical composition or microstructure or hardness 

measurements. The scatter was significant particularly in the region near fatigue limit, when several 

premature specimen breaks occurred. 

 Very positive are results of fatigue tests of specimens hardened with the higher surface speed of laser 

beam, where there is a very low scatter and higher fatigue limit in comparison with the basic material, 

just heat treated. In fact, laser hardening removed scatter and improved fatigue resistance in the 

whole stress range, both near fatigue limit and high amplitudes. 

 Laser hardening with 3 mm/s surface speed of the beam - the lower speed - did not improve fatigue 

properties, fatigue strength was even reduced. 

 Connections between fatigue resistance and surface or subsurface residuals stresses induced by 

laser hardening were indicated in both cases of laser hardening parameters. In case of the higher 

laser beam surface speed, quite significant longitudinal compressive residual stresses occurred and 
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fatigue strength was higher. In the contrary, in case of the lower laser beam speed, resulting in a slight 

reduction of fatigue strength, longitudinal residual stresses were almost negligible.  
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Abstract 

Variety of zinc-based coatings has been investigated in the last 35 years to improve their properties. The 

zinc-based coating on hot-dip galvanized steel provides excellent sacrificial protection over the steel 

substrate. The corrosion resistance of zinc coatings is determined primarily by the thickness of the coating 

but varies with the severity of environmental conditions. In case of zinc-based alloys for steel coating the 

phase type and its quantity developed upon solidification determine corrosion resistance as well. In this 

study the phase quality and evolution along thickness of the Zn-Al-Mg coating layer was studied by x-ray 

diffraction analysis. During investigation the coating was removed in a controlled manner in several steps. 

Each individual step of removal was followed with x-ray diffraction measurement and subsequent analysis of 

x-ray diffraction patterns. Inhibition layer composed of Al3Fe was identified using scanning electron 

microscopy as well as x-ray diffraction. 

Keywords: zinc coatings, hot-dipping, corrosion resistance, zinc-based alloys, x-ray diffraction 

1. INTRODUCTION 

The usage of zinc coatings for the corrosion protection of ferrous substrates is very widespread. Complex 

review of the topic of zinc and zinc alloy coated steel was provided by Marder [1]. To improve corrosion 

resistance of wires, the coating can have the addition of 5 % Al which could be further increased to 10 % for 

improved corrosion protection [2]. Galvanizing forms a metallurgical bond between the zinc and the 

underlying steel creating a barrier that is part of the metal itself. During galvanizing, the molten zinc reacts 

with the iron in the steel to form a series of zinc/iron alloy layers [3]. Zinc is anodic to iron and steel and as a 

result in the case of galvanic corrosion zinc becomes the anode, while the ferrous substrate becomes the 

cathode and does not corrode. Hot-dipping involves immersion of the steel in a bath of molten zinc or Zn-

based alloys. Hot-dip galvanized coatings comprise essentially pure zinc provided controlled amounts of 

aluminium or silicon are added to the molten zinc bath to suppress the formation of zinc-iron intermetallic 

phases [4]. Addition of Al causes formation of the inhibition layer which was studied by number of authors [5] 

[6][7]. One of the major problems is that in commercial coatings are these layers too thin to be observed by 

light optical microscopy or conventional SEM. Similarly, the use of X-ray diffraction to identify the constituent 

phases in the layer is hampered by the layers' dimensions [5]. 

Further addition of alloying elements such Al up to 5 wt. % and Mg up to 0.5 wt. % lead to formation of 

equilibrium Zn11Al2 or non-equilibrium Zn2Mg intermetallic phase observed by x-ray diffraction and calculated 

using thermodynamic calculation in Calphad [8][9]. 

Diffraction experiments presented in this study examine phase evolution across the total thickness of the 

coating including inhibition layer which allowed assigning the layer with corresponding phases. 

2. EXPERIMENTAL DETAILS 

An experimental material used for this study was a steel wire substrate with 6.5 mm diameter coated with Zn-

5Al-0.5Mg. Dipping process started with pickling performed in HCl followed by water rinsing in water and 

mailto:kristian.salgo@stuba.sk
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drying. Hot dipping process was executed in two stages - double dip coating. The first stage comprised 

immersion of the steel substrate in zinc bath held at 450°C. In the second stage the substrate was dipped in 

a Zn-5Al-0.5Mg alloy bath held at 450°C. After immersion, the wire was drawn up from the bath vertically to 

allow for solidification in cooling water. Coatings exhibited total thickness ranging from 60 to 90 µm. Reaction 

layer thickness varied from 5 to 25 µm. 

General microstructure overview was obtained using Zeiss Axio Imager.z1m light microscope. Electron 

microscopy was carried out using a Jeol JSM7600F scanning electron microscope employing the back 

scattered electron detector. All observations as well as chemical microanalysis were performed at 15 kV 

accelerating voltage and 89 µmA probe current. Local chemical composition was detected using an Oxford 

Instruments energy dispersive x-ray analyzer (EDX) coupled with the scanning electron microscope.  

Observation of depth resolved phase evolution in the coating was executed using x-ray diffraction analysis 

(XRD). Each series of XRD measurements started with the stripping of the wire in 1.5 % HCl in ethanol or 

10ml HNO3 in 30ml of water [6]. Sample cleaning in water and weighting was executed after each stripping 

step. A Metler Toledo balance with precision of 0.1 mg was used to determine exact weight of the sample. In 

total 9 stripping steps were applied to the wire. Summarized in Table 1 are selected stripping steps and 

corresponding layer thicknesses removed during chemical stripping process. 

XRD measurement was performed using a Panalytical Empyrean x-ray diffractometer in Theta-2Theta and 

2Theta only (grazing incidence diffraction GID) geometry with incidence angle set to 0.5, 1, 2 and 3°. 

Characteristic CoKα1,2 radiation filtered by Fe was used during scattering experiment. Co mirror was used to 

generate primary parallel beam on incident arm. Detector arm was equipped with 0.27° parallel plate 

collimator and scintillation detector. X-ray diffraction data were analyzed with the Panalytical search-match 

program Xpert High Score Plus. Quantitative results were obtained using the Rietveld method [10] 

implemented in program MAUD [11]. X-ray diffraction patterns taken in Theta-2Theta as well as in GID 

geometry were treated simultaneously for given stripping step. 

Table 1 Stripping steps and corresponding layer thicknesses 

Strip step Layer thickness (µm) Strip step Layer thickness (µm) 

1.step 5.5 8.step 2.3 

7.step 30.000 9.step 80 

3. RESULTS 

   

Fig. 1 Typical microstructures of the ZnAlMg coating: a) Dendritic microstructure, b) Columnar microstructure 

and c) Mixed microstructure. Symbols L1, L2 and L3 refer to alloy layer, reaction layer and inhibition layer, 

respectively 

Light microscopy images presented in Fig. 1 show cross-section of three different coating layer 

microstructures on one investigated sample. Dendritic microstructure is displayed in Fig. 1a. Regions of wire 

a b c 

L1 L2 L3 
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without effective cooling with direct water sprout were exhibiting a dendritic microstructure (Fig. 1b). 

Columnar microstructure is typical for regions with high cooling rate due to direct contact with the cooling 

water. The columnar grains grew in one direction because of rapid heat removal. Small areas with mixed 

microstructure were frequently observed between the two mentioned regions (Fig. 1c). Independently of 

local solidification microstructure the entire coating layer could be divided into three sub-layers (Fig. 1b): 

alloy layer, reaction layer and inhibition (also known as interfacial) layer, respectively. 

Further microstructural analysis continued with scanning electron microscopy examination. Fig. 2 shows 

quantitative distribution of elements in a coating layer analyzed by EDX mapping. Documented is the area of 

transition from coating to substrate. Pictures in upper row show Al, Fe and Zn distribution which are followed 

further with Mg in lower row. Quantitative analysis is completed with line profiles of elements representing 

integral values of the entire analyzed area. It shows that Zn content decreases steadily and reaches its 

minimum at the interface with the steel substrate. Contrary, aluminum content increases with maximum 

localized at the interface with the steel substrate. Contribution of the iron becomes pronounced in reaction 

layer. Amount of iron approximately 20 to 25 at. % corresponds to Al maximum at 60 at.%. Real 

microstructure image shown in last image of the series is colored proportionally to the amount of each 

element. 

  
Fig. 2 Quantitative EDX maps of analyzed ZnAlMg coating on the iron substrate. Colored maps show atomic 

concentrations of Al, Fe, Zn and Mg in analyzed area. Graph represents atomic concentrations of elements 

integrated over the entire analyzed area. Microstructure is superimposed with colored map of all analyzed 

elements 

Series of XRD patterns taken from the experiment of a step-wise removal of Zn-5Al-0.5Mg coating formed on 

a steel wire is shown in Fig. 3. Corresponding results of quantitative phase analysis determined using MAUD 

program are summarized in Table 2. Step-wise removal by chemical dissolution of the double-dip coating 

showed that phase composition of the alloy layer remains very stable over its entire thickness and therefore 

only x-ray pattern of the stripping step 1 and 7 (last pattern exhibiting presence of Zn in the layer) are 

depicted in the Fig. 3. X-ray pattern of the initial state confirms presence of the Zn-based solid solution, Al 

based solid solution and Zn2Mg intermetallic phase. These phases are present in x-ray pattern after 1st and 

also 7th stripping step. Later mentioned diffraction pattern contains also monoclinic Al3Fe phase and its 

quantity (Table 2) further increases in x-ray diffraction pattern after 8th stripping step. Last pattern shows 

bare steel substrate with ferrite and cementite identified as the only constituing phases with an amount listed 
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in Table 2. The diffraction paterns were fitted in the MAUD program using model composed of two layers: 

coating layer and steel substrate. This approach allowed to determined layer thickness remaining on steel 

substrate after stripping procedure providing the x-ray penetration was sufficient. In case of striping step no. 

7 and 8 the remaining layers exhibited thicknesses approximately 3 and 1 µm, repsectively. 

 

Fig. 3 Series of XRD patterns taken during step-wise chemical stripping of Zn-5Al-0.5Mg coating layer 

Table 2 Result of quantitative phase analysis of ZnAlMg coating formed on steel substrate 

Phases 
Coating layer Steel substrate 

Zn Al Zn2Mg Al3Fe Fe Fe3C 

Initial State 79.4 18.8 1.8 - - - 

Strip 1 61.1 35.9 3.0 - - - 

Strip 7 36.7 25.5 3.5 33.3 79.1 20.9 

Strip 8 - 33.7 1.4 64.8 74.4 25.6 

Strip 9 - - - - 78.3 21.7 

4. DISCUSSION AND CONCLUSIONS  

Steel wire coated with Zn-5Al-0.5Mg alloy using double dip coating technology was studied. Microstructural 

analysis revealed presence of 3 different solidification microstructures: dendritic, columnar and mixed 

microstructure observed in one sample. This effect is attributed to uneven solidification rate caused by non-

uniform exposure to cooling water. The steel substrate was found uniformly coated. The entire coating layer 

was divided into three sub-layers: alloy layer, reaction layer and inhibition (interfacial) layer. 

All three layers were characterized using SEM utilizing local characterization of chemical composition by 

EDX analysis. Stable concentrations of alloying elements found across the alloy layer followed with decrease 

of Zn and increase of Al content in reaction and inhibition layer were observed. These results are in good 

agreement with observations of other authors achieved by EDX or GDOES methods and published 
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elsewhere [6],[12],[13]. Determined chemical composition corroborate well with sub-layer structure described 

above. 

XRD analysis confirmed presence of Zn-based solid solution, Al-based solid solution present in as-solidified 

coating layer. The same phases were found to form coating layer after stripping to approximately 35 µm of 

coating thickness. The third phase found in collected diffraction patterns (initial state, 1st strip, 7th strip and 8th 

strip) was Zn2Mg intermetallic compound representing non-equilibrium phase in Zn-Al-Mg ternary phase 

diagram as suggested by Honda and co-workers [8]. Results of quantitative phase analysis on XRD patterns 

from the alloy layer exhibit decrease in amount of Zn-based solid solution which is in agreement with 

chemical profile in Fig. 2. Quantity of Al based solid solution does not follow chemical profile of Al. In this 

case further considerations taking into account further Al reach phases are necessary. 

Detected chemical changes were expected to cause phase variation in vicinity of interface with steel 

substrate. General agreement could be observed among authors, which refers orthorhombic Al5Fe2 

intermetallic phase as main constituent of the inhibition layer. Detailed study employing XRD and TEM was 

carried out by McDevitt and his co-authors [5]. They have observed Al5Fe2 and Al3Fe coexisting in the 

inhibition layer. They have also pointed out that XRD technique is incapable of Al3Fe detection leading to an 

incorrect conclusion that the layer could be formed exclusively by Al5Fe2. Diffraction experiment performed in 

our study suggests that layer could be formed also by Al3Fe phase as major constituent. Presence of Al5Fe2 

was not proven but cannot be completely ruled out and TEM examination of inhibition layer is required. 

Result of chemical microanalysis observed in this study is also in favor of Al3Fe formation because atomic 

concentrations of Al and Fe were observed (Fig. 2) with atomic ratio 3/1 (60at.% / 20 at. %). 

TEM observation published by McDevitt suggests that Al3Fe is formed first at the interface with steel 

substrate. New grains of Al5Fe2 were observed to grow on the expense of Al3Fe localized between Al3Fe and 

steel substrate. Since Al5Fe2 phase was not detected in our study it is proposed that nucleation of this phase 

was not initiated yet or only a minor amount of this phase formed which was below detection limit of XRD 

technique used in this study. 
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Abstract 

This paper presents corrosion resistance of construction elements covered with different metallic protective 

coatings. The subject of research is the interior of the ambulance. Research was focused on the steel grade 

D01, which is widely used as the construction material of the medical equipment. After mechanical treatment 

(grinding and polishing) samples were divided into four groups that were subjected to the zinc coating. The 

following methods of zinc coating were applied: galvanic (PN-EN ISO 4042), hot-dip (PN-EN ISO 10684) and 

lamellar (PN-EN ISO 10683). All samples with the Zn coating were analyzed metallographically. The 

structure and continuity of the Zn coating were evaluated. Next, the corrosion resistance of Zn coatings was 

investigated. Samples were placed in the salt chamber with neutral NaCl (PN-EN ISO 9227), climatic 

chamber (VDA 621-415) and KESTERNICH (DIN 50018/2,0 SO2) chamber. The results are summarized and 

compared with corrosion potentiodynamic test results. 

Keywords: zinc coating, corrosion test, salt chamber, climatic chamber, Kesternich test 

1. INTRODUCTION 

Steel parts used in medical institutions are protected against the corrosion by metallic and paint coatings. 

The most frequently the Ni, Cr, Cu coatings are applied, as well as the hot-dip or galvanic zinc. Hot dip zinc 

coating is less applied due to the high value of roughness and lower aesthetics. Protection of the medical 

equipment against the corrosion is a substantial problem. The attack of chemical agents and the bacterial 

flora reduce the corrosion resistance of coatings. The appearance of the local corrosion results in growing of 

the bacterial flora and its spreading. The majority of the bacterium which for healthy people isn't provoking 

infection is dangerous to patients with the lowered immunologic resistance [1-4]. The subject of hospital 

infection is constantly being discussed. It was estimated, that hospital infection was the fourth cause of 

deaths in the USA and Europe [5, 6]. Mobile character of the functioning of the ambulance, as well as 

applying strong disinfectants support the phenomenon of the corrosion and the adhesion of micro-organisms 

on abiotic surfaces. In the process the medical ambulance can be the source of infection with dangerous 

strains of bacteria.  

Examinations [1,3,4] led for stationary medical equipment during the everyday use in hospital units 

confirmed that sanitary ambulances still need better disinfection method. In the work [3, 4] the attention was 

paid to the corrosion effect of body fluids (blood, urine, saliva, sweat and other). In places with corrosion the 

Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus were identified. It was proved that, hot 

dip zinc galvanized surfaces in the greater degree hinder the bacterium adhesion then galvanic one: Ni, Cr, 

Cu, Zn. The topography - relatively high roughness of construction surface elements with hot-dip zinc coating 

reduces its application in medical circles [2]. This is the reason why authors decided to analyze also the 

method of lamellar zinc coating. So, the corrosion resistance in neutral salt fog NaCl, climatic and Kesternich 

mailto:iszlapa@bispol.com.pl
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test for three different zinc coatings was measured. The aim of investigation was the proper selection of 

anticorrosion coatings appropriate to ambulance interior considering the sterility keeping and the best 

anticorrosion properties.  

2. THE OWN RESEARCH  

2.1. The investigation object  

The object of investigation was the internal construction of ambulance (Fig. 1a, b) - made by “Concept” 

company from Bielsko-Biała, particularly internal walls paneling made of steel sheets. Farther the joins and 

moveable elements coated with standard anticorrosion coatings.   

a)        b)  

 
Fig. 1 The object of investigation: a - general view of ambulance, b - internal body paneling 

Table 1 Parameters of Zn coating process 

2.2. Tested materials and investigation methodology 

The experiment was focused on samples made of DC01 steel with dimensions 25 x 25 x of 3 mm. The 

material was subjected to mechanical working. Next, samples were being grinded using abrasive disk with 

Group 

No. 
Kind of process Surface preparation 

1 

Electro-galvanizing 

acc.  

PN-EN ISO 4042 [7] 

Atotech license 

 chemical degreasing, temp. 60 0C 

 etching in 18 % HCl and 10 % H2SO4 with inhibitors  

 degreasing and electro-polishing, temp. 60 0C, 1000 A 

 galvanization in the weak acid chlorine Zn bath without boric 

acid, temp. 35 0C, pH 5,1 - Atotech technology. 

 Passivation - jons Cr3+, Co 2+, NO3
- temp. 45 0C, pH 1,9 

2 
Hot-dip acc.  

PN-EN ISO 10684 [8] 

 etching in 12 % HCl 

 fluxing 

 galvanizing in the bath: Zn with additions Al, Bi, Ni; temp. 

4600C, time 1.5 min 

 cooling in water 

3 

Lamellar acc.  

PN-EN ISO 10683 [9]  

Atotech license 

 shotblasting 0.4 mm 

 triple painting (95 % Zn, 5 % Al) 

 temperaturę holding in 120 0C 

 cooling to temp. 25 0C - air jet 
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gradation 80 and 120 µm and polished with diamond paste. Farther, samples were divided in three groups 

and directed to the galvanizing process (thick chromate coating was used), hot dip and lamellar. Data 

concerning the way of surface preparation are enclosed in the Table 1. Zinc plated samples were subjected 

to the following investigations: surface - the topography and roughness; metallographic - thickness and 

structure of coated layer and corrosion resistance - the salt chamber, climate chamber, Kesternich test.  

3. RESULTS ANALYSIS  

3.1. Topography and surface roughness of tested samples  

During surface investigation the roughness and 3D topography was determined by application of the profile 

measurement gauge - Perthometer Concept (MAHR). Measurement results are presented in Table 2 and 

Fig. 2. 

 

Fig. 2 Topography of zinc coating sample surface a - galvanic, b - hot-dip, c - lamellar 

Table 2 The surface roughness of investigated samples 

Group No. Kind ofprocess Roughness parameter Ra [µm] 

1 Galvanic 0,24 

2 Hot-dip 0,48 

3 Lamellar 0,94 

3.2. Metallographic coatings investigations  

Metallographic investigation was conducted for all samples with zinc coating. Metallographic specimens 

were prepared in classic way. The observation was realized using both optical - LM and scanning 

microscope. Results are presented in Fig. 3 and 4. During observation also Zn coating thickness was 

measured.  

a)                          b)                          c) 

 

Fig. 3 Structure of Zn coating (optical microscope LM): a- galvanic, b - hot-dip, c - lamellar 

  

b 

                                                 

a)  
c 

 

b)  c)  
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a)                            b)                            c) 

  

Fig. 4 Structure of Zn coating (scanning microscope): a - galvanic, b - hot-dip, c- lamellar 

3.3. Corrosion resistance testing  

3.3.1. Evaluation of corrosion resistance by NSS test in neutral salt spray  

The corrosion examination in a salt chamber according to the ISO EN 9227 standard [10] was made in F.Ś. 

BISPOL S.A. in Bielsko-Biała. Parameters of the corrosion environment were as follows: 5 % NaCl, pH - 6.7-

6.9, temperature - 35 0 C, the rate of the salt fog (spray) fall - 1.6 ml/h. For none of the coating was not 

applied prior to cross-cut test. Research findings are presented in Fig. 5 and Table 3.  

Table 3 Comparison of NSS test results in neutral salt fog of investigated Zn coatings 

Group No. Kind of process Time to “white” corrosion [h] Time to “red” corrosion [h] 

1 Galvanic 144 > 1000 

2 Hot-dip 24 816 

3 Lamellar no corrosion 600 

a)                            b)                            c) 

     

Fig. 5 Results of NSS test in neutral salt fog (spray) after 600h: a - galvanic b - hot-dip c - lamellar 

3.3.2. Evaluation of corrosion resistance by Climate test VDA 621-415  

The corrosion examination in a climate chamber was made according to the VDA 621-415 standard [11] in 

“Atotech” company in Berlin. Parameters of the corrosion environment are presented in Fig 6. Fig. 7 and 

data in Table 4 describe the achieved results.  

Table 4 Comparison of climate test results of investigated Zn coatings 

Group No.  Kind of process results 

1 Galvanic 1st cycle: lack of corrosion 

2 Hot-dip 1st cycle white: <50 % 

3 Lamellar 1st cycle white:0,5-1 % 
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Fig. 6 One cycle climate test VDA 621-415 

a)                          b)                          c) 

   

Fig. 7 The samples view after climate test - 1 cycle: a - galvanic, b - hot-dip, c - lamellar 

3.3.3. Evaluation of corrosion resistance by Kesternich test DIN 50018/ 2,0 SO2  

Table 5 Comparison of Kesternich test results of 

investigated Zn coatings 

Group 

No.  

Kind of process Results 

1 Galvanic   5th cycle red: 10 % 

2 Hot-dip 
1st cycle white: <50 % 

7th cycle white: <50 % 

3 Lamellar  2nd cycle red: 50 % 

 

 

 

 

Fig. 8 One cycle Kesternich test DIN 50018/ 2,0 SO2 

 

The corrosion examination in a Kesternich chamber was conducted according to the DIN 50018/2,0 SO2 

standard [12] in “Atotech” company in Berlin. Parameters of the corrosion environment are presented in 

Fig 8. Results of corrosion test are included in Table 5. Samples view is shown in Fig. 9. 
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a)                          b)                          c) 

   

Fig. 9 The samples view after the Kesternich test: a - galvanic, b - hot-dip, c - lamellar 

3.3.4. Evaluation of corrosion resistance using traditional method of polarization curve. 

Because of the limitation imposed to herewith study, the wider analysis regarding the comparison of results 

achieved using the potentio-dynamic method and methods described in presented paper will be published as 

a separate publication.  

4. RESULTS DISCUSSION  

Zinc as the most popular metal applied in anticorrosion is frequently investigated [13,14]. However, in 

available literature is difficult to find data regarding the comparison of properties of the zinc coatings created 

by different methods. In the literature there is no information concerning the correlation between the 

topography of Zn coatings and the corrosion resistance in aging chamber. On the basis of the surface 

analysis of investigated samples it was stated that the highest roughness level expressed by Ra parameter 

demonstrates coating no. 3 - lamellar. The lowest Ra value was measured for sample 1 - galvanic thick-layer 

Zn. Metallographic analysis provided information regarding the thickness of zinc-plated coatings and their 

structures. Due to the character of the process, sample 2 demonstrates the greatest thickness of the Zn 

coating - hot-dip Zn - 155 µm. In case of sample 3 - lamellar Zn - the thickness of the coating is on the similar 

level like in the case of the electroplating, and it amounts to 12 µm. Considering the appearance of the red 

corrosion a significant influence of the roughness on the corrosion resistance is possible. The greatest 

corrosion resistance was measured in the coating with the smallest roughness. Increasing the coating 

roughness the corrosion resistance decreases systematically. For sample no. 1 - galvanic Zn thick-layer the 

red corrosion was observed at the latest both during the salt spray test as well as the climate test. Sample 

no. 2 - after the hot-dip Zn galvanizing - the coating has a thickness above 10-time bigger than in two other 

samples, and results achieved in the NSS test are very similar. It can be concluded from the examinations, 

that crucial factor deciding on achieving satisfactory results is an additional chemical treatment of the surface 

Zn coating layer by Cr3+ and Co2+ ions. The each test was judged considering the formation of the base 

corrosion products (so-called red corrosion) although for surface appearance essential is also time of 

passivation corrosion (white corrosion products formation). In this aspect the lamellar Zn coating has the 

essential advantages. On the surface of sample no. 3 - coated with lamellar Zn, there is no white corrosion 

effect in NSS test, the sample - plate till to the red corrosion formation doesn’t reveal any surface changes 

both in NSS and Kesternich test. The Kesternich test results confirm that Zn coatings corrosion resistance is 

quite different in SO2 environment in comparison to NaCl and the best properties in this case demonstrates 

the hot-dip galvanizing coating. 

5. CONCLUSION 

On the basis of conducted preliminary examinations it is possible to express the following conclusions: 

 thickness of inspected zinc coatings - galvanic and hot-dip isn't a parameter deciding on the corrosion 

resistance;  
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 the galvanic coating demonstrates the greatest corrosion resistance in the examined environment of 

the 5 %NaCl both in the NSS and the climate test. In this case the coating thickness is the smallest, 

this fact induces for conducting further research concerning the application of this type (thick-layered 

galvanic), as alternative to Ni, Cr decorative coatings; 

 the dominating factor supporting the galvanic coating sustainability is Cr3+ and Co2+ ions passivation; 

 in case of the lamellar Zn coating, taking into consideration the structure homogeneity on the entire 

coating thickness, it is possible to expect that appropriate coating thickness increase will cause the 

adequate corrosion resistance increase;  

 analysing the aesthetic advantages, the very long time of unchanged appearance and the possibility of 

tinge choice with any colour from the RAL palette, the application of lamellar zinc coating is the most 

justified inside the ambulance; 
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Abstract 

The substrate of titanium alloy Ti-6Al-4V coated with hard 300 nm thick diamond-like carbon (DLC) coating 

was selected as coating/substrate system with high gradient of hardness and moderate adhesion for the 

investigation of elastic modulus using ball indentation. The work shows the potential of macro-methods, 

where large contact area between ball indenter and the surface of studied material enables the investigation 

of mechanical properties of coating/substrate system at higher loads, which may be effective when studying 

thin coatings and its contribution to the mechanical properties of the substrate. The indentation with the use 

of 10 mm ball indenter is capable of determining the global elastic modulus of the given coating/substrate 

system, while 5 mm ball indenter enables the measurement of elastic modulus of the coating separately from 

the substrate.  

Keywords: Nanoindentation, automated ball indentation, Ti-6Al-4V, DLC, elastic modulus 

1. INTRODUCTION 

There are several indentation methods for the determination of mechanical properties in a nondestructive 

ways which are based on the measurement of force applied to the tested sample and the depth of 

penetration caused by indenter, [1-3]. The indentation cycle, which includes loading and unloading process, 

may cause elastic, elasto-plastic and plastic deformations of tested material and is usually represented in the 

form of relation „force - indentation depth“. Based on this graph, it is then possible to calculate elastic 

modulus of the material among other mechanical properties [4-5]. Nowadays, the only way of measuring the 

mechanical properties of thin coatings is nanoindentation, where the advantage of controlling the penetration 

depth at the nanoscale is utilized. This gives the opportunity of measuring the mechanical properties of 

coating without influence of the substrate. However, nanoindentation often uses diamond indenter which 

immediately penetrates the sample causing elasto-plastic and then plastic deformations due to low contact 

area between indenter and sample’s surface, making the calculation of elastic modulus more 

complicated [1]. Indenter in the form of ball doesn’t have any sharp tips, thus doesn’t make any notch in the 

sample’s surface and allows observing the elastic behavior in much wider range of loads [2]. 

This paper will discuss the possibility of using large contact areas between indenter and sample’s surface in 

order to record the elastic behavior of thin coating using automated ball indentation test (ABI) with the 

subsequent calculation of elastic modulus. The aim of work is to find the optimum diameter of ball indenter 

suitable for the measurement of elastic modulus using macroindentation. 

2. MATERIALS AND METHODS 

Thin DLC coating was prepared on the substrate of titanium alloy Ti-6Al-4V by Plasma Enhanced Physical 

Vapor Deposition (PE-PVD) process. Thickness of studied coating was 300 nm. 

mailto:maxim.puchnin@fs.cvut.cz
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The inspection of hardness and indentation modulus is prepared using instrumented nanohardness tester 

with Berkovich indenter (Micro Materials, UK) according to [1-2] at max. load of 1.5 mN and 20 mN, and ABI 

test according to [3-4] at max. load of 10 kN and 30 kN. 

First, the substrate was indented before the deposition of coating at the load of 20 mN, and the coating then 

was indented to the depth of 17 % of its thickness at the load of 1.5 mN using nanoindenter. 

Macroindentation was carried out at the load of 30 kN using 10 mm ball indenter and 10 kN using 5 mm ball 

indenter. 

Calculations for hardness after ABI test are done according to Eq. 1, where h is indentation depth. 

Dh

P
HB


                                                                                (1) 

Modulus of elasticity after ABI test is calculated using Eq. 2, which is modification of Hooke’s law  E . 

0WEHM r                                                                               (2) 

Where 
2

a

P

A

P
HM


  is Meyer’s law hardness value, displacement of the 

samples’ center point 
R

a
W

2

0   [6] and contact radius 
2

2 hRha  are 

calculated according to Fig. 1. 

The calculated values are used then in the relationship “elastic modulus - index of 

output” which represents the distribution of elastic modulus during the elastic 

deformation. These curves were used in further approximation and calculation of 

elastic modulus of substrate and coating separately. 

3. RESULTS AND DISCUSSION 

Macroindentation performed using 10 mm ball indenter shows the significant differences, in the character of 

indentation curve, between the substrate with coating and without coating after the load of 10 kN, Fig. 2. It 

means that global impact on the mechanical properties of the substrate contributed by thin DLC coating is 

detected in the range of higher loads where the surface tension in the substrate is highly affected by coating. 

The distribution curve is then plotted based on the calculations for elastic modulus, Fig. 3. The two curves, 

which represent the distributions for elastic modulus of the substrate and substrate/coating systems, are 

undistinguishable from each other, but it is clear from the observation that the approximated elastic modulus 

(dashed line) obtained from this graph prepresents the global value for the substrate/coating system. 

Furthermore, 10 mm ball indenter is then suitable for the investigation of the global mechanical properties of 

the given systems, resulting in the elastic modulus of approximately 125 GPa. The studied substrate should 

have the modulus of 114 GPa ccording to the standard [7], which is then eventually improved by DLC 

coating. The DLC coating in this case, also taking into account the high contact area within the indenter’s 

surface, is likely to act as a part of the ball indenter at lower loads below 10 kN. The use of 5 mm ball 

indenter doesn’t show any differences between indentation curves obtained from substrate and 

substrate/coating systems, Fig. 4. 

 

Fig. 1 The scheme for 

determination of 

contact radius 
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Fig. 2 Indentation curves obtained using 10 mm ball 

indenter 
Fig. 3 Distribution curves for elastic modulus 

 
 

Fig. 4 Indentation curves obtained using 5 mm ball 

indenter 

Fig. 5 Distribution curve for elastic modulus 

Table 1 Indentation results 

Indentation type Material 
Max. 
Depth 

Plastic 
Depth 

Max. 
Load 

Hardness 
Modulus 
Er 

  [nm] [nm] [mN] [GPa] [GPa] 

Nano G5 DLC coating 50.05 28.17 1.53 13.06 132.46 

    St. Dev. 3.16 28.22 

Nano G5 Substrate 423.85 378.64 20.09 4.63 137.13 

    St. Dev. 0.27 4.90 

  [mm] [mm] [kN] [MPa] [GPa] 

ABI, 10 mm ball G5 DLC coating 0.54 0.37 30.86 273.55 125 

ABI, 10 mm ball G5 Substrate 0.65 0.47 30.63 212.64 125 

ABI, 5 mm ball G5 DLC coating 0.33 0.263 9.77 253.72 366 

ABI, 5 mm ball G5 Substrate 0.32 0.262 9.79 255.74 110 
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However, it is then obvious from the distribution curves that elastic modulus of the substrate and 

substrate/coating systems are different and are distinguishable at loads from 0 to 100 kgf. The 

approximations of these two curves (dash lines) provide the elastic modulus for each system separately, Fig. 

5. Elastic modulus of the substrate reaches it’s value of 110 GPa, which has only 3.5 % divergence 

compared to standard, Table 1. The predicted modulus for DLC coating reaches 366 GPa and is in 

agreement with values given in [8]. It is necessary to mention here that analogue data amplifier of the electric 

measuring part of ball indentation device should have a higher discreetness of data collected during the 

measurement. It will then enable the higher precision of subsequent calculations of elastic modulus. 

4. CONCLUSIONS 

The automated ball indentation test is proved to be easy to use and powerful tool in determination of 

mechanical properties of thin coatings. However, more statistics needed about the mechanical behavior of 

different types of coatings tested with even higher discreetness of measured indentation parameters. 

Higher contact area between 10 mm ball indenter and tested material causes the further coating penetration 

into the substrate with increasing load and it is only possible to measure the global mechanical properties of 

substrate/coating systems. But, it is still possible to conclude about the contribution of the coating itself using 

indentation at higher loads from 10 kN to 30 kN. Lower contact area formed by 5 mm ball indenter allows 

calculating the mechanical properties of both coating and substrate under loads from 0 to 50 kgf. 
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Abstract 

Surface roughness is a critical parameter which further determines properties of materials during application. 

Same quantitative parameters of surfaces are therefore evaluated during material design in order to bring 

laboratory scale closer to practice. Standard 2D measurement techniques are commonly used in technical 

practice for more than 5 decades. Using a diamond tip stylus the resolution of the technique is governed by 

the tip diameter selected for surface analysis. Further techniques such scanning electron microscopy, atomic 

force microscopy has been used to determine 2D and also 3D roughness. In this paper laser scanning 

confocal microscopy is used to determine 3D surface roughness characteristic Ra and RSa. Laser scanning 

confocal microscope Zeiss LSM 700 was used to measure roughness parameters of certified roughness 

standards in order to determine precision of measurement. Chart of objective selection was determined. 

Additional adjustment of the pinhole a number of optical slices is also introduced.  

Keywords: Laser scanning confocal microscopy, Surface roughness,  

1. INTRODUCTION 

Original design of the confocal microscope was proposed and patented by Marvin Minski in 1957. Despite of 

the advanced solution, the idea of the microscope left unnoticed for almost 15 years. Development of light 

sources along with computer technology led to wide spread interest in this technique [1]. Mostly oriented on 

biology and biochemistry, recent design of laser confocal microscopes allows application also in the field of 

materials science [2]. 

Laser confocal microscope is a light microscopy system which uses a laser light passing through the 

confocal optical path for image formation. In conventional light microscopy the image is formed 

simultaneously for all observed points of entire field of view. In contrast, system of a laser confocal 

microscope forms image pixel by pixel using photomultipliers or CCD.  

Confocal microscopes could be divided into a two distinct groups: point scanning confocal microscopes and 

spinning-discs confocal microscopes. First mentioned is based on scanning the field of view using single 

laser beam. Its movement in x and y direction is controlled using galvanic mirrors. Later mentioned confocal 

microscopes are using multi point scan of the field of view. Design employs spinning modified Nipkow discs 

with sufficient number of lenses and pinholes rotating at suitable speed to form a real-time confocal image. 

Both above mentioned approaches to confocal microscopy offers advantages but also suffers from 

drawbacks. High precision of point scanning confocal microscopy is balance with long time for data 

acquisition. High speed of data acquisition - real time confocal image - of spinning discs confocal 

microscopes is compromised by lower resolution [1]. 

Laser scanning confocal microscope Zeiss LSM 700 used in this study belongs into the group of point 

scanning confocal microscopes. Series of Rubert certified roughness standards will be used to review the 

capability of this microscope to deliver reliable RSa and Ra parameters. The study will provide data on 

mailto:tomas.bezak@stuba.sk
mailto:michal.elias@stuba.sk
mailto:michal.kopcek@stuba.sk
mailto:martin.kusy@stuba.sk
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objective selection. Different pinhole adjustment as well as number of optical slices will be also involved in 

the study as a variable affecting the precision of roughness determination.  

2. EXPERIMENTAL DEVICE AND MATERIALS 

2.1 Laser scanning confocal microscope Zeiss LSM700 

Point scanning confocal microscope Zeiss LSM 700 installed in the Laboratory of Structural Analysis MTF 

STU is based on main frame of Zeiss Axio Imager.Z1m optical microscope further equipped with a laser 

scanning unit LSA 700. Precision of sample positioning is guaranteed by piezoelectric linear motors of the 

Prior sample stage with minimum x and y step size 10 nm. Smallest increment of z drive is 10 nm. Optical 

train is equipped with 5, 10, 20, Zeiss EC Epiplan Neofluar, 50 and 100x Zeiss EC Epiplan Apochromate 

objectives. Pinhole diameter is motorize with diameter continuously variable from approx. 500 µm down to 9 

µm. Illumination is provided by 0.5mW solid-state laser generating a monochromatic light with 405nm and 

639nm wavelength. In this study only 405nm light source was used. 

2.2 Standards and measurement variables 

In total 6 certified roughness standards with sinusoidal profile with Ra: 6, 2.975 (further used as 3), 0.997 

(further used as 1), 0.502 (further used as 0.5), 0.1047 (further used as 0.1) and 0.0612 (0.06) µm were 

chosen to evaluate the capability of the microscope to determine the profile and surface roughness average 

Ra and RSa, respectively. Parameters of individual measurements are summarized in Table 1. Table 

contains 3 variables: objective (magnification and numerical aperture), pinhole size (1 or 0.3 Airy unit) and 

number of slices (optimal or 4×optimal). Pinhole status is defined in Airy Units (AU), where Airy unit AU 

corresponds to radius of the Airy disc r(Airy) [1,2,3] 

(1) 

 

Numerical aperture NA is a parameter listed in Table 1 for each objective used in this study and could be 

expressed as 

(2) 

where, n represents refractive index of the environment between sample and objective, and α is semi-angle 

of the light cone immerging from the objective. 

Optical slice thickness OST in confocal microscopy could be estimated using half maximum of intensity 

distribution FWHMaxial [3]. 

 

(3) 

Pinhole diameter in AU and corresponding value in µm for each objective used in this study were determined 

by computer software ZEN2009 dedicated to control laser scanning microscope, collect and process raw 

data. Optimal number of slices was initially suggested by ZEN2009 and this value is indicated in Table 1 as 

„Optimal“. In order to further explore precision of data acquisition the number of slices was increased by 

factor of 4, recorded in Table 1 as „4×Optimal“. 
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Table 1 Summary of individual measurements carried out on each roughness standard, where AU is used 

for Airy Units, Diameter for pinhole diameter in [µm] and Optical Slice Thickness [µm]. 

Objective / Magnification / 
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Standard 

6   x x  x         

3 x x x x x x x        

1   x x x x x x x x     

0,5      x x x x size* x x x x 

0,1      x x x x size* x x x x 

0,06       x x x size* x x x x 

*size - raw data file exceeded 5 GB where not processed 

The roughness evaluation was performed using ZEN2009 built-in module allowing adjustment of band-pass 

filter with its low-pass and high-pass range. It was however figured out that implemented high-pass filter 

caused deformation of collected data. Waviness of the profile have become more pronounced and 

contributed to roughness values determined from the profile. It was therefore decided that roughness 

standards do not exhibit waviness and waviness caused by data acquisition and stitching algorithm could be 

neglected. With this assumption only low-pass filtering was applied and all values determined as Wa or WSa 

are considered equal to Ra and RSa. Surface plane of the roughness standard was fitted into plane using 

build in fitting function in order to compensate deviation of the plane of the standard from the ideal plane 

perpendicular to optical axis of the microscope. 

3.  RESULTS  

Measurements were performed applying parameters listed in the Table 1. Fig. 1 shows processed data of 

the surface roughness standard with Ra = 0.06 µm collected with following parameters: 0.3AU, 4×optimal 

number of slices and 100×/0.95 objective. Lower rectangle shown in the Fig. 1 highlights the profile 

roughness parameters. Upper rectangle indicates areal roughness parameters. 
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Fig. 1 Surface roughness evaluation applied to roughness standard with nominal Ra = 0.06 µm. Profile 

roughness value determined during measurement was 0.062 µm. Areal roughness value RSa determined 

from measurement was 0.068 µm 

 

Series of graphs shown in Fig. 2 represents results obtained from measurements where variables were 

changed according to Table 1. Each graph refers to a particular roughness standard. Nominal roughness of 

the standard is indicated with dash line. Graph is composed of two sets of values. One set represents RSa 

values representing areal roughness determined by measurement. Second set of values documents profile 

roughness Ra as determined from randomly selected profile. Variables used for each measurement are also 

listed in graphs in Fig. 2 as labels for x-axis. 

Depending on variables the collected data exhibits good or poor agreement with nominal roughness of 

measured roughness standards. In general, it could be noticed that objectives with higher magnification 

power provides better agreement. Standards with high nominal Ra values were determined using applied 

variables with good precision where deviation from nominal value is on the order of hundreds of nanometers 

i.e. less than 0.1 % of Ra nominal value. For lower nominal Ra values such as Ra = 0.06 µm the deviation of 

best achieved results is at about 10 % and higher. 
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Fig. 2 Areal and profile roughness values determined with particular set up of the confocal microscope 

compared to nominal roughness of standards. Nominal roughness: a) 0,06 µm, b) 0,1 µm, c) 0,5 µm, d) 1 

µm, e) 3 µm and f) 6 µm 

3.  DISCUSSION AND CONCLUSIONS 

The laser scanning confocal microscope is considered as flexible and versatile optical technique for surface 

topography characterization. Frequently is compared with stylus-profiler methods and other optical non-

contact methods such as phase-shifting interferometry PSI or white light interferometry WLI [4, 5].  

The study presented in this paper is focused on comparison of laser scanning confocal microscopy (point 

confocal microscopy) with stylus-profiler verified certified standards. Varying the parameters of measurement 

the series of results for each certified standard was achieved. Evaluation of results from the Fig. 2 confirmed 

the capability of the laser scanning microscope Zeiss LSM 700 to determine roughness with good agreement 

with certified values predominately with those of higher nominal Ra values. However not all of parameters 
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used for data acquisition are optimal and requires thorough selection based on experience and expected Ra 

or RSa values of the analyzed surfaces. Results achieved in this study allow optimized selection of 

objectives for Zeiss LSM 700 according to Fig. 3. 

It was also noticed that for roughness 

standard with Ra = 0.06 µm better 

estimate of surface roughness is 

achieved with increasing the number 

of optical slices by factor of 4 with 

respect to optimal number of slices 

suggested by ZEN2009 software. 

Effectiveness of using this approach 

for higher Ra values was not 

observed. Pinhole diameter 

equivalent to 1AU proved precision in 

determining plausible roughness 

values comparable to 0.3 AU. Further 

study will focus on lower Ra values 

as well as on repeatability and 

reproducibility of measurements. 

Multiple scans will be performed in 

order to determine standard 

deviations of RSa values. 
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Abstract 

Corrosive environment has a major impact on the life of steel structures (bridge structures, production shops, 

look-out towers, etc.), which constitute an integral part of civil engineering. The basic building material for 

these structures in most cases is steel, which unfortunately gradually degrades in contact with the 

surrounding atmosphere. This negative phenomenon can be avoided by the application of corrosion 

protection, most frequently by organic coatings. They are an indispensable part of surface finishes and great 

emphasis is placed on their quality. The choice of the protective coating system depends primarily on the 

expected or planned lifetime of corrosion protection. If we focus on the long-term corrosion protection, 

especially of bridge structures, we need to carefully consider the preliminary surface treatment. The most 

frequently used technology amongst numerous methods of surface pretreatment of bridge structures is 

blasting, by means of which it is possible to achieve the required surface quality. This means, in addition to 

cleaning of the surface of the base material, also the achievement of suitable micro-geometry and physical, 

or physical and chemical properties of the surface. 

The paper focuses on experimental verification of coating systems intended for application on steel 

structures with long-term exposure in corrosive environments. Samples blasted to surface preparation 

degree of Sa 2˝ with applied coating systems were exposed to artificial salt spray atmosphere and a 

corrosive solution, which is used for testing by the so-called accelerated immersion test. Following was the 

evaluation of degradation and adhesion of the tested coating systems. The experiment was concluded by 

ascertaining of the content of volatile organic compounds in paint matters using gravimetric method. 

Keywords: coating system, surface finish, steel structure 

1. INTRODUCTION 

Degradation of steel structures can be prevented by protecting the surface of the base material. Quality of 

the surface finish depends on several basic factors. It is primarily the very surface treatment prior to paint 

matter application, properties of the paint matter used, the quality of the work performed, and thus 

compliance with technological and application conditions according to the paint manufacturer. Pretreatment 

of steel structures is realized mainly by blasting, in which material surface is cleaned from any dirt like 

scales, rust or other impurities. Blasting must be followed in the shortest period of time possible by the 

application of corrosion protection itself, since the surface after blasting is responsive and oxide layers are 

formed with time. 
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2. EXPERIMENTAL MATERIAL 

The experimental part of the thesis is based on samples of material KOSMALT - E 300T with dimensions 

150 x 100 x 3 mm, whose samples were blasted with steel grit. These samples were supplied by VÍTKOVICE 

POWER ENGINEERING a.s. These are hot-rolled metal sheets, which is suitable for cold pressing. 

 Mechanical properties of steel KOSMALT - E 300T 

Element C Mn Si P S Al N Ti 

Content [%] 0,07 0,21 0,03 0,013 0,01 0,042 0,006 0,06 

 Chemical composition of steel KOSMALT - E 300T 

Yield strengthRe [MPa] 300 - 450 

Tensile strength[MPa] 350 - 550 

Ductility A5 [%] 28 

 

The reference samples were subject to surface roughness 

measurement according to EN ISO 4287. Evaluation of the 

substrate roughness was performed by means of MitutoyoSurftest 

SJ 301. The principle of measurement is based on scanning of the 

surface profile of the underlying material with a diamond stylus tip. 

The device setting was the following: profile filter λc= 8 mm; 

measured length l = 40 mm, number of measurements 10. 

Arithmetical mean deviation of the considered profile Ra = 13.81 

micron, the highest profile height Rz = 95.11 micron. Measured 

values are appropriate for the blasted surface. 

3. EXPERIMENTAL COATING SYSTEMS 

Experimental works were performed with two types of paints 

 REMOPLAST EP ZINK - this is a two-component epoxy primer containing zinc powder mixed with 

hardener based on polyamide, which is produced by Rembrandtins.r.o. The main property of coating 

is cathodic protection of steel surfaces, resistance to chemical, mechanical and climatic stress. 

 REMOPLAST HS - KST FAST - is a two component epoxy paint with a high dry matter and low VOC 

content, which is produced by Rembrandtins.r.o. The paint contains anticorrosion lamellar pigments 

and is intended for cover applications on steel substrates. 

3.1. Paint application 

The paint matters REMOPLAST EP ZINK and REMOPLAST HS - KST FAST were applied using pneumatic 

spraying under a pressure of 3 bar with output nozzle diameter of 1.8 mm. According to the technical data 

sheet of REMOPLAST EP ZINK, the substrate was covered with wet film of a thickness of 70 micron and the 

REMOPLAST HS - KST FAST paint matter was applied in a wet film thickness of 110 micron, the application 

was performed in two layers. The measured dry film thickness of REMOPLAST EP ZINK coating was on 

average about 70 microns and that of REMOPLAST HS - KST FAST was on average 230 micron. 

Fig. 1 Micrograph of the blasted surface 

(200x magnification, photographed with 

the NEOPHOT 2 microscope 
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4. EXPERIMENTAL TESTS 

4.1. Pull-off adhesion test according to ČSN EN ISO 16 276-1 

Pull-off adhesion test was performed before the exposure of samples to corrosive chamber and after 720 h 

of exposure. The measured values of of pull-off strength are recorded and compared in the Chart 1. 

 
Chart 1 Chart of comparison of reference samples and the samples before and after the corrosion chamber 

exposure, and before and after the immersion exposure test 

It is generally stated that the threshold value for assessing the good adhesion of the coating system is 

3 Mpa. The Chart 1 clearly shows that the average pull-off strength in the two coating systems after 

exposure in corrosive chamber dropped down to the threshold value of 3 Mpa. This decrease could be 

caused e.g. by residues of blasting media, which manifested only after exposure. The results 

of characteristic fractures show a very poor adhesion of the priming matter, since in all cases there was 

a 100 % adhesion damage between the substrate and the first applied layer. 

The results of the pull-off strength after immersion test are similar to the average pull-off strength after the 

corrosion test. Concurrently there was a decrease in the average pull-off strength below the limit value of 

3 MPa in the priming pant matter REMOPLAST EP ZINK, which indicates poor adhesion of the substrate 

and proves 100 % adhesion damage between the substrate and the first applied layer. 

4.2. Cross-hatch adhesion test according to ČSN EN ISO 16 276-2 

Cross-hatch adhesion test was performed before the exposure of samples to corrosive chamber and after 

720 h of exposure. The substrate materials with applied REMOPLAST EP ZINK paint matter were subjected 

to cross-hatch test by a cutting tool with a spacing of 2 mm of the guide template. The guide template 

spacing in EP REMOPLAST ZINK REMOPLAST + HS - KST FAST system was 3 mm. 

 
Chart 2 Chart of comparison of reference samples and the samples before and after the corrosion chamber 

exposure, and before and after the immersion exposure test 

The Chart 2 clearly implies that after 720 h of exposure in the corrosion chamber the primer REMOPLAST 

EP ZINK showed average damage of the grid area of more than 5 % but less than 15 %. The average 
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damage of the paint matter REMOPLAST EP ZINK + REMOPLAST HS - KST FAST, to the grid area 

exceeded even 65 %. 

The exposure of the sample in the immersion test with EP REMOPLAST ZINK primer did not cause any 

substantial change in adhesion and the damage to the grid area is within 5 %. However, in the average 

damage of the grid area in REMOPLAST EP ZINK + REMOPLAST HS - KST FAST system exceeded 65 %. 

4.3. Corrosion test in artificial atmosphere according to ČSN EN ISO 9227 

The duration of exposure in corrosion chamber was at most 720 hours. During the test we carried out 

photographic documentation and evaluation of changes to the coating system in the interval of 0 h, 24 h, 48 

h, 96 h, 120 h, 240 h, 720 h 480 h. The evaluation of the degree of blistering was carried out according to 

ČSN EN ISO 4628-2, evaluation of the degree of rust-perforation according to ČSN EN ISO 4628-3 and the 

evaluation of the degree of delamination and corrosion around the section according to ČSN EN ISO 4628-8. 

Table 3 Evaluation of the coating system REMOPLAST EP ZINK (Des. REZ) and REMOPLAST HS - KS 

FAST(Des. RHK) during the corrosion tests in artificial 

atmosphere

 
 

It is evident from the Table 3 that coating systems showed a very good corrosion resistance when exposed 

to corrosive agents in the corrosion chamber. The coating REMOPLAST EP ZINK, showed the first blisters 

already after 24 h exposure in the corrosion chamber. There was almost an insignificant number of defects 

resembling blisters of a size of 0.5 to 5 mm, which did not extent under following exposure, and there was no 

rust penetration. 

 
Fig. 2 Photos of samples before exposure in corrosion chamber and after 720 h exposure in paint matter 

REMOPLAST EP ZINK (desig. ZK8) and the samples of paint matter REMOPLAST EP ZINK + 

REMOPLAST HS - KST FAST (desig. MV8) 

 

The REMOPLAST EP ZINK + REMOPLAST HS - KST FAST system was damaged in the form of the first 

type of defects (blisters) after 48 h exposure in the corrosion chamber. The amount of defects was very 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

957 

small, almost insignificant, with a size greater than 5 mm. Subsequent exposure caused no further extension 

defects and rust penetration of the coating. 

4.4. Accelerated submersion test according to the ČSN 67 3087 

Accelerated submersion test was carried out in three cycles. Each cycle was followed by a visual evaluation. 

Table 4 EvaluationofthecoatingsystemREMOPLAST EP ZINK (desig. REZ) and REMOPLAST HS - KST 

FAST(Des. RHK)duringthesubmersion test 
 

Exposure 

in a salt 

bath 

Coating 

System 

marking 

Degree of 

blistering 

Degree 

of 

rusting 

Delamination/Corrosion 

along the cut 

Blistering 

aroundt he 

cut 

0. Cycle 
REZ 0 (S0) Ri 0 (S0) 0/0 0 (S0) 

REZ + RHK 0 (S0) Ri 0 (S0) 0/0 0 (S0) 

1. Cycle 
REZ 1 (S4) Ri 0 (S0) 0/1 0 (S0) 

REZ + RHK 0 (S0) Ri 0 (S0) 0/1 0 (S0) 

2. Cycle 
REZ 1 (S4) Ri 0 (S0) 1/1 1 (S4) 

REZ + RHK 1 (S4) Ri 0 (S0) 0/0 0 (S0) 

3. Cycle 
REZ 1 (S4) Ri 0 (S0) 1/1 1 (S4) 

REZ + RHK 1 (S5) Ri 0 (S0) 0/0 0 (S0) 

 

Fig 3 Photos of samples before exposure to accelerated submersion test and after the third cycle in the paint 

matter REMOPLAST EP ZINK (desig.ZK3) and the samples of paint matter REMOPLAST EP ZINK + 

REMOPLAST HS - KST FAST (desig.MV3) 

The primer coating system REMOPLAST EP ZINK showed slightly worse results than the system 

designated as REMOPLAST EP ZINK + REMOPLAST HS - KST FAST. The primer coating system 

presented a very small, almost insignificant number of defects resembling blisters with a size of 0.5 to 5 mm 

already after 1st Cycle of exposure in the submersion test. These defects did not extend and the coating was 

not penetrated by rust. The REMOPLAST EP ZINK + REMOPLAST HS - KST FAST system was damaged 

in the form of the first type of defects (blisters) after the second cycle of the submersion test. The amount of 

blistering ranging from 0.5 to 5 mm was almost negligible. Further exposure within the immersion test caused 

blistering growth over 5 mm. 

5. DETERMINATION OF VOLATILE ORGANIC COMPOUNDS USING GRAVIMETRIC METHOD 

To determine the content of volatile organic compounds we used gravimetric method with time intervals of 15 

min, followed by measurement of weight loss of the coating systems during the curing process. This method 

is used determine the content of volatile organic compounds [g·l-1], density [g·cm-3] and dry matter [% by 

wt.] of the coating systems. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

958 

 

Chart 3 Comparison of paint matter evaporation curves 

6. CONCLUSION 

The corrosion test in the salt spray artificial atmosphere showed that after 720 hours of exposure the coating 

systems showed good corrosion resistance, because in the course of the test only a very small, almost 

insignificant number of defects resembling blisters of the size of 0.5 to 5 mm occurred. From the point of view 

of adhesion the coating systems showed a significant decrease to the average value of pull-off strength of 3 

MPa, the characteristic fracture results indicate very poor adhesion of primer, since in all cases there was a 

100 % damage to adhesion between the substrate and the first applied layer. The cross-hatch adhesion 

tests showed a very good performance of the REMOPLAST EP ZINK coating system, where average 

damage of the grid area was higher than 5 % but less than 15 %. Submersion test pointed to very similar 

results, which were achieved after corrosion test in artificial salt spray atmosphere. Pull-off adhesion test 

pointed to a low value of pull-off strength, as there was a 100 % adhesion damage between the substrate 

and the first layer applied. Cross-hatch adhesion test of the coating system REMOPLAST EP ZINK pointed 

out a better adhesion (damage to the grid area of up to 5 %) than in the REMOPLAST EP ZINK + 

REMOPLAST HS - KST FAST system. Overall, it can be stated that the coating systems showed very good 

corrosion resistance, but the adhesion decreased with the time o exposure. 
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Abstract 

Samples made from Vanadis 6 PM ledeburitic tool steel were surface machined, ground and mirror polished. 

Prior the deposition, they were heat treated to a hardness of 60 HRC. CrAg7N-coatings were deposited by 

magnetron sputtering technique, using pure Cr and Ag targets, in a composite low pressure nitrogen/argon 

atmosphere and at a temperature of 500 °C. The coatings have an average thickness of 4.3 μm. They grew 

in a very well visible columnar manner, but, individual silver agglomerates were visible along the columnar 

crystals, also. The average size of silver agglomerates lies well below 50 nm, e.g. one can suggest that they 

are capable to be solved and release the Ag atoms to be migrated to the free surface during thermal 

exposition. The coatings had a good adhesion on the surface - the first critical loads, established by scratch-

testing method, ranged between 30 and 39 N.  

Keywords: Nanocomposite coatings, Solid lubricant, CrN-Ag coatings, Surface morphology, Nanohardness. 

1. INTRODUCTION 

Chromium nitrides (CrN) have been extensively investigated in the applications of protective coatings due to 

their high hardness, good wear resistance as well as excellent corrosion and high temperature oxidation 

resistance [1-5]. They gained great scientific interest and industrial popularity due to those properties in 

copper machining, aluminium die casting and forming, and wood processing [6]. However, in many 

applications, the requirements on coated material surface cannot be met by such a single coating. A further 

development to adapt some of their properties to a desired value for specific applications is to produce 

composite coatings, where different material properties are combined and some new desired properties 

could be created [7-9].  

Many research efforts have been dedicated to Cr-based ternary nitrides recently. The reported Cr-Ti-N, Cr-

Al-N, Cr-W-N and Cr-Zr-N coatings actually present high hardness, high thermal stability or better corrosion 

resistance in comparison with CrN [10]. However, some of tribological properties of these films cannot be 

changed in a sufficiently wide range since they are given by the nature of the film compound itself. This is 

why the effect of self-lubrication has gained a great scientific importance in last few years. The main idea to 

develop self-lubricating and multi-purpose coatings is based upon the fact that commercially available 

lubricants (sulphides, oxides, graphite) exhibit considerable shortcomings and cannot be used effectively in 

tooling applications over sufficiently wide temperature range [11-13]. Soft noble metals on the other hand, 

posse stable chemical behaviour and can exhibit self-lubricating properties due to their low shear strength. 

Noble metal particle bring several benefits to the layer properties compared to metal oxides or graphite. They 

are stable up to relatively high temperatures, have low hardness and do not behave as abrasive particles. A 

common disadvantage of noble metals is their high cost, but this can be optimized to an acceptable level. 

Self-lubricating effect is based on incorporation of small amount of noble metals, mostly silver, into the basic 

CrN-film. Silver is completely insoluble in CrN and forms nano-particles in basic CrN-compound. Silver 

containing transition metal nitrides films have been extensively studied in recent years [14]. 

Chromium and chromium-vanadium ledeburitic steels are among the most typical substrates for the PVD 

coating. Due to their high wear resistance, good compressive strength, and hardness, these materials are 

mailto:pavel-bilek@email.cz
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applied in many industrial operations like metal cutting, wood working, fine blanking, drawing, etc. In these 

operations, material must meet various requirements. It has to withstand the compressive stresses, abrasive 

and/or adhesive wear, and also chipping and total tool collapse. To meet these demands, the steels must 

have an optional chemistry as well as phase constitution. In addition, proper heat treatment must be done 

before using tools made from Cr-V ledeburitic steels [15-17]. 

The current paper deals with the development of adaptive nanocomposite CrAgN coatings on the Vanadis 6 

Cr-V ledeburitic tool steel. It describes and discusses the microstructure and the basic coating characteristics 

like hardness, Young´s modulus and adhesion for coating with 7 % content of silver. 

2. EXPERIMENTAL 

2.1 Materials and processing 

The substrate material was the PM ledeburitic steel Vanadis 6 with nominally 2.1 % C, 1.0 % Si, 0.4 % Mn, 

6.8 % Cr, 1.5 % Mo and 5.4 % V and Fe as a balance and soft annealed to a hardness of 21 HRC. 

The samples used for the investigation were plates with dimensions of 50 mm x 10 mm x 10 mm, heat 

treated (austenitized at a temperature of 1050 °C, quenched in flow of nitrogen gas and double tempered for 

2 hours at temperature 530 °C) to final hardness of 60 HRC and then finely ground and polished with 

diamond suspension up to a mirror finish.  

The CrN/Ag-coatings were deposited by a Hauzer-Flexicoat 850 magnetron sputter deposition system in a 

pulse regime with a frequency of 40 kHz. Two targets, an Ag target (99.98 % purity) was used and pure 

chromium target (99.9 % Cr), positioned opposite one to another, were used.. The output power on the Cr 

cathode was 5.8 kW and that on the Ag cathode was 0.21 kW. The processes were carried out in a low 

pressure atmosphere (0.15 mbar) containing nitrogen and argon in a ratio of 1:4.5. 

The substrates were placed between the targets on rotating holders with a rotation speed of 3 rpm. Just prior 

to the deposition, the substrates were sputter cleaned in an argon low-pressure atmosphere for 15 min. The 

substrate temperature was 250 °C for the cleaning and 500 °C for the deposition. A negative substrate bias 

of 200 V was used for the sputter cleaning and that of 100 V for the deposition. The total deposition time was 

6 h. 

2.2 Investigation methods 

The measurement of roughness was carried out on mirror finish samples and on samples with coatings by 

laser scanning confocal microscope Zeiss LSN 700. The analyses of the substrate microstructure, PVD-

coatings investigation and the fractography were carried out using a JEOL JSM-7600F field emission 

scanning electron microscope (SEM) in BE-detection regime. Energy dispersive spectroscopy (EDS) was 

done on the same device at an accelerating voltage of 20 kV and standard working distance of 15 mm. For 

the examinations of the substrate, standard metallographic specimens were prepared and etched with 

Villela-Bain reagent. PVD layers were prepared for observation via a special method based on deep cooling 

of the samples in liquid nitrogen and subsequent breaking. 

The nanohardness and the Young´s modulus (E) values of the coatings were determined using the 

instrumented nanoindentation test under a normal load of 60 mN using a Nanohardness tester TTX 2 CSM 

Instruments equipped with a Berkovich indenter. The indentation depth was kept to 10 % of the coating 

thickness to minimize the substrate effect. Fifteen measurements were made and the mean value and the 

standard deviation were then calculated.  

The adhesion of the coating was examined using a CSM Revetest scratch-tester. The scratches were made 

under a progressively increasing load from 1 N to 100 N, with a loading rate of 50 N/min. A standard 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

961 

Rockwell diamond indenter with a tip radius of 200 μm was used. Five measurements were made on each 

specimen and the mean value and standard deviation of adhesion represented by the Lc1, Lc2, Lc3 and Lc4 

critical loads, respectively, was calculated. The critical loads were determined by recording the signal of 

acoustic emission as well as by viewing the scratches on the SEM micrograph. The Lc1 critical load 

corresponds to the occurrence of the first inhomogeneities in the coating. The Lc2 and Lc3 correspond to 

another damages on the edge of the track. And finally the Lc4 critical load was determined as a load when all 

of the coating was removed from the substrate. 

The hardness of the substrate was measured using the Rockwell C method (HRC). Five measurements were 

made on specimen and the mean value was calculated. 

3. RESULTS AND DISCUSSION 

The microstructure of the substrate material after applied heat treatment is shown in Fig. 1. The material 

consists of a matrix with fine carbides uniformly distributed throughout the matrix. SEM micrograph (Fig. 1a) 

shows that the matrix is formed with fine tempered martensite. The EDS-maps of chromium and vanadium 

(Fig. 1b and 1c) show that the carbides are of two basic types. Large particles, having a size up to 2 μm, are 

the M7C3 carbides, and the finer formations are the MC carbides. It was recently established [15,18] that 

M7C3 phase is chromium based that underwent dissolution in the austenite during heat processing, being 

responsible for the saturation of the austenite with carbon and alloying elements, which leads to high 

hardness of as-heat-treated material. Almost whole amount of MC phase remained undissolved. After the 

heat treatment, the average hardness of the material was 60 ± 0.3 HRC and the roughness of the surface 

before and after deposition was Ra < 0.01 μm. 

  

 

  

 

 

Fig. 1 Microstructure of PM ledeburitic steel Vanadis 6 substrate after heat treatment: a-overview (SEM-
BSE), b-EDS map of chromium from Fig. 1a, c-EDS map of vanadium from Fig. 1a 

The thickness of CrAg7N coating was 4.3 μm (Fig. 2a). The film grew in a well visible columnar manner. This 

type of layer growth is typical for magnetron-sputtered CrN films at a wide range of processing parameters, 

as reported previously [19]. This result is in a good agreement with other reported results, also [20]. The 

addition of 7 % Ag into the CrN does not change the commonly known columnar morphology of such types 

of films and, in addition, the thickness of the film was practically the same as that of the pure CrN and that of 

coatings with 3 % of Ag [20]. SEM micrograph, Fig. 3a, made from the surface in the BE-detection regime, 

and corresponding EDS mapping of Cr, respectively Ag, Fig. 3b, respectively Fig. 3c show that silver forms 

individual grains along columnar grains as well as on the surface (Fig. 2b) at higher concentration. The 

average size of silver agglomerates lies well below 50 nm. Various authors have reported [21, 22] that 

individual silver agglomerates along the columnar crystals are capable to be solved and release the Ag 

atoms to be migrated to the free surface during thermal exposition and it could be responsible for self-

lubrication effect (Fig. 3b and 3c).  

b c MC 

M7C3 

M7C3 

MC 

a 
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Fig. 2 SEM micrographs showing the microstructure of CrAg7N coating: a-fracture, b-surface overview 

with Ag particles 

 

         

 

 

Fig. 3 SEM micrograph of microstructure CrAg7N coating: a-detail with Ag particles, b-EDS map 

of chromium from Fig. 3a, c-EDS map of Silver from Fig. 3a 

The nanohardness of CrAg7N coating was 16.17 ± 1.93 GPa. This value is comparable to early reported 

results [20] for pure CrN and coating with 3 % of Ag, how it is see in Table 1. Silver is very soft and could 

cause softening of the coating. However, no substantial effect of Ag addition on hardness was observed.  

Similar behaviour can be found for measurement of Young´s modulus E, Table 1. The Young´s modulus 

rather increases with an addition 7 % of Ag into the CrN coating, but the increase is only marginal when 

compared with the data published previously [20]. However, this slight increase in E is rather surprising 

because normally, a decrease of E is expected with an Ag - addition. Further examinations are required to 

better clarify this phenomenon.  

Table 1 Mechanical properties determined from nanoindentation measurements, values for CrN and CrAg3N 

are from previous work. * - data published previously [20] 

Coating Hardness [GPa] Young´s Modulus [GPa] 

CrN* 16.79 ± 1.49 244 ± 15 

CrAg3N* 15.97 ± 1.44 241 ± 9 

CrAg7N 16.17 ± 1.93 263 ± 17 

After the scratch test, the failure of CrAg7N coating proceeded with semi-circular tensile cracking (Fig. 4a). 

The coatings show a very brittle behaviour. Even at the beginning of the scratches, there are many cracks 

visible, but the coating did not exhibit a tendency to be removed from the substrate, e.g. it has a good 

adhesion. The first inhomogeneities accompanied with the signal of acoustic emission occurred at a load 

34.5 N (Lc1),(Fig. 4b). With increasing load more damages on the edge of track are visible, Lc2 (Fig. 4c) and 

at load 52.9 N (Lc3) (Fig. 4c) occurred break substrate through the coating on the edge of the track. At a load 

1μm 2μm 

4.3 μm 

b a 

Ag Ag 

1μm 

b c a 

Ag 
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of 79 N, the coating was removed from the substrate as documented the SEM micrograph in BE-detection 

regime (Fig. 5a). Corresponding EDS maps of chromium (Fig. 5b), silver (Fig. 5c), iron (Fig. 5d) and 

vanadium (Fig. 5e) show an interface where CrAg7N coatings crossing to substrate, steel Vanadis 6. On the 

surface of coating after exposure, smeared Ag particles are visible (Fig. 5f), which are probably responsible 

for better friction properties. 

 
Fig. 4 Electron microscopy showing the failures after scratch testing: a-overview, b-Lc1, c-Lc2, d-Lc3 

Table 2 Adhesion properties determined from scratch test 

Coating Lc1 [N] Lc2 [N] Lc3 [N] Lc4 [N] 

CrAg7N 34.52±3.31 44.36±1.58 52.85±1.62 79.04±2.19 

 

Fig. 5 SEM micrograph showing the failures after scratch testing: a-Lc4, b-EDS map of chromium from Fig. 

5a, c-EDS map of silver from Fig. 5a, d-EDS map of iron from Fig. 5a, e-EDS map of vanadium from Fig. 5a, 

f-surface after test 
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CONCLUSIONS 

The investigation of magnetron-sputtered CrAg7N-coatings deposited on Vanadis 6 ledeburitic steel has 

brought the following findings: 

The coating grew in a typical columnar manner and had a thickness 4.3 μm. Columnar crystals are well 

visible on the cross-sectional micrographs. Individual silver agglomerates are located mostly on the crystal 

boundaries and their size was less than 50 nm.  

The addition of 7 % of Ag into the CrN film does not influence the hardness of the CrN negatively. On the 

other hand, the Young´s modulus has been established to be slightly higher than that of CrN or CrAg3N, 

which can be considered as rather surprising, because an opposite effect could has been expected 

The adhesion of CrAg7N film can be considered as very good. This can be attributed to a good capability of 

the soft Ag particles to absorb the plastic energy, which makes the coating more resistant against 

delamitation. 

CrAgN coating of PM Cr-V ledeburitic steel Vanadis 6 is very promising way to increase its tribological 

properties at intermediate temperature. The addition of 7 % of silver brings good adhesion properties without 

effect on hardness of coatings.  
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KINETICS OF IRON SILICIDE DEPOSITED ON AISI D2 STEEL BY PACK METHOD  

Ugur SEN, Ozkan OZDEMIR, Senol YILMAZ, Saduman ŞEN  

Sakarya University, Sakarya, Turkey, ugursen@sakarya.edu.tr,  

Abstract  

In this study, the growth kinetics of iron silicide layer deposited on AISi D2 steel samples by thermo-reactive 

diffusion (TRD) techniques in a solid medium was reported. Iron silicide was performed in a powder mixture 

consisting of silicon, ammonium chloride and alumina at 1323 K, 1373 K and 1423 K for 2-6 h. Iron silicide 

layer thickness of the AISi D2 steel ranged from 85.21 to 717.65 μm depending on the treatment time and 

temperature. Layer growth kinetics was analysed by measuring the depth of iron silicide layer as a function 

of time and temperature. The kinetics equation of the reaction has also been determined with Arrhenius' 

equation K=Ko exp (-Q/RT). The result showed that the diffusion coefficient (K) of the process increased with 

treatment temperature. Activation energy (Q) for the process was calculated as 540 kJ/mol. The diffusion 

coefficients (K) are changing between 7.76x10-7 and 2.45×10-5 mm2/s depending on the process 

temperature. 

Keywords: Kinetic, Iron silicide, Siliconizing, AISi D2 steel, Pack method 

1. INTRODUCTION 

In industrial countries, the cost of corrosion is estimated to be a significant part in the range 2 % to 4 % of the 

Gross Domestic Product (GDP). Since steels are materials extensively used in a wide range of applications, 

preventing their corrosion is an important economic issue, and many strategies have been proposed to 

achieve this goal. For example, addition of silicon (Si) into stainless steel generally improves resistance to 

corrosion and erosion, but embritlement the material. Silicon coatings overcome this limitation because they 

improve the corrosion resistance of steel without changing the mechanical properties of the bulk material 

[1,2]. In addition that the addition of Si to steels could improve their high temperature oxidation resistance. 

The beneficial effects of Si on the high temperature oxidation resistance are two folds. First, with sufficient 

concentration, it can form a continuous vitreous silica layer between the metal and scale interface. This silica 

layer has a low concentration of defects, which becomes a good diffusion barrier and provides excellent 

oxidation resistance. Secondly, the preferentially formed silica acts as the nucleation site for the subsequent 

formation of chromia which renders oxidation protection [3-7].  

Available processes for producing silicon diffusion coatings on the surfaces of metals include molten 

metal/salt baths, pack cementation, slurry/sinter, ion implantation, and/or chemical vapor deposition (CVD) 

[8]. Advantages of pack method include uniform coating of the substrate, minimum cleaning of parts after 

treatment, in situ treatment of fabricated parts, ease of surface cleaning, and capability for thermal treatment 

after deposition.  

It is known that siliconizing performed at high temperature is a diffusion-controlled process. It is very 

important to establish the process parameters that affect the siliconizing kinetics in order to select process 

parameters to attain the desired thickness of silicide layer and properties. In this study, the silicon diffusion 

on silicide layer is evaluated taking into account experimental data for the growth kinetics of the silicide layer 

during the pack siliconizing process on AISi D2 steel. The growth kinetics of the layer is analyzed by 

measuring the thickness of the layer as a function of the treatment time within the temperature range 1323-

1423 K. 

mailto:ugursen@sakarya.edu.tr


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

966 

2. EXPERIMENTAL STUDY  

The test material used in this study was AISi D2 steel essentially containing, 1.53 % C, 12.2 % Cr, 

0.13 % Mn, 0.13 % Ni, 0.17 % Si, 0.95 % Mo, 0.34 % V, 0.014 % S and 0.020 % P. AISi D2 steel was 

sectioned as cylindrical coupons that have a dimension of 20 mm in diameter and 5mm in height. Surface 

roughness of AISI D2 steel was 0.21 μm.  

Siliconizing of the steel was achieved using the pack method. In this technique, a silicon source (pure 

silicon), an activator (ammonium chloride) and filler material (Al2O3) were thoroughly mixed to form the 

siliconizing powder mixture. After siliconizing for 2-6 h at 1323-1423 K, siliconized samples were removed 

from the furnace and cooled in air. Siliconized samples were sectioned from one side and prepared 

metallographically up to 1200-grid emery paper and then polished using 0.3 μm alumina pastes. Polished 

samples were etched by 4 % Nital before tests. The thickness of silicide layers and their morphology were 

examined using optical microscopy and SEM on the cross sections of the siliconized samples. The phases 

formed in the coating layer was identified by X-ray diffraction (XRD) measurements that were performed 

using Cu Kα (λ=1.54056 Å) radiation. The hardness of the siliconized steel was also measured using a digital 

microhardness tester fitted with a Vickers indenter under the loads of 10 g. 

3. RESULTS AND DISCUSSION 

3.1. Properties of silicide layer 

Both optical and SEM cross section examinations of the siliconized AISi D2 steel revealed that silicide 

formed on the surface of the substrate has a smooth morphology as shown in Fig. 1. On the cross sections 

of siliconized steel surfaces, there were three distinct regions at higher magnifications. These are: (i) a top 

surface layer which includes porous structure, (ii) compact coating layer and, (iii) matrix, which is not affected 

by silicon. XRD analysis showed that the silicide layer formed on the siliconized steel consisted of Fe2Si, 

FeSi and FeSi2 phases (Fig. 2). EDS analysis showed that silicon atoms in the siliconized layer is more 

concentrated in the outer layer of siliconized layer than in the inner part. Silicon content close up the outer 

surface of the coating layer is higher than the inner part of the coating layer as shown in EDS analysis 

Fig 1c. This might be indicated by FeSi2 phase, determined by XRD pattern, in the outer layer of siliconized 

layer, FeSi and Fe2Si goes on to the inner parts of the coating layer. EDS analysis showed that iron 

concentration in the silicide layer is lower than the inner part. The highest iron concentration took place in the 

matrix while the lowest silicon concentration located in. 

The micro-hardness value of the siliconized AISi D2 steel from surface to the interior was measured in the 

range of 330 HV0.01 and 610 HV0.01. Siliconized steel hardness is lower than that of the AISi D2 steel matrix.  

    
(a)       (b) 
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(c) 

Fig. 1 (a) Optical micrograph of siliconized AlSi D2 steel at 1473K for 4h and (b) SEM images and (c) EDS 

analysis of the siliconized layer of the steel at 1373 K for 6h 

 
Fig. 2 X-ray diffraction analysis of the siliconized AISi D2 steel at 1373 K for 6h 
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Fig. 3 Micro-hardness distribution of the silicide layer formed on the siliconized steel sample at 1375°C for 

2h 
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3.2. Silicide layer growth kinetics 

Depending on the siliconizing temperature and time, the thickness of silicide layers ranged from 85.21µm to 

717.65 μm. Previous studies by Blandin et al [9]. The thickness of silicide layer, doubtless, is closely related 

to the alloying element of the base steel and siliconizing time and temperature. As known, thermochemical 

coatings like boronizing, aluminizing, chromizing, siliconizing etc can be affected from the substrate 

compositions and bath composition of the process. As it can be seen in Fig. 4, there is nearly a parabolic 

relationship between silicide layer thickness and siliconizing time [10]. By assuming that: (i) the rate of layer 

growth is controlled by silicon diffusion in the FeSi2, FeSi and Fe2Si sublayers and (ii) Silicide layer growth 

occurs as a consequence of silicon diffusion perpendicular to the specimen surface, Ref. [11] indicated that 

the silicide layer thickness varies with time, and a parabolic law as follows: 

2
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Fig. 4 Changing of the silicide layer thickness with time and temperature 

RT
oK K e




             (2) 

Where Ko is the frequency factor (pre-exponential constant) and R is the gas constant. Taking the natural 

logarithm of Eqs. (2) and (3) can be derived as follows: 

oLnK LnK
RT


             (3) 
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The plot of Ln K versus reciprocal treatment temperature is linear as shown in Fig. 6. q was determined from 

the slopes of straight lines as shown in Fig. 5 (b). 

The results show that K increases with treatment temperature. Activation energy () for present study was 

determined as 540 kJ.mol-1. The growth rate constant (K) ranged from 7.76x10−7 to 2.45×10−5 cm2.s-1. The 

derived formulas between the growth rate constant values (K) and reciprocal treatment temperature (1/T) is 

Eq. (4). Yang et al [12] reported that activation energy of silicon in the silicide layer at 1023 K is 242 kJ mol−1.  

64953

129.67 10 TK x e


            (4) 

Where, K is growth rate constant and T, temperature. The practical formula for calculating the layer thickness 

at pre-determined time and temperature can be derived from Eq. (1) and Eq. (4):  

64953

( ) 9.67 10 T
µmd tx x



           (5) 
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Fig. 5 (a) Square of the silicide layer thickness of siliconized AISI D2 steel vs. treatment time, and  

(b) Growth rate constant vs. temperature of siliconized AISI D2 steel 

http://www.sciencedirect.com/science/article/pii/S0042207X04003987#eq1
http://www.sciencedirect.com/science/article/pii/S0042207X04003987#eq4
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4. CONCLUSIONS 

The following conclusions can be made: 

1) The silicide layers formed on siliconized AISi D2 steel are compact and smooth.  

2) The presence of Fe2Si, FeSi and FeSi2 phases in the silicide layer were confirmed by XRD. The 

hardness of silicide formed on siliconized steel according to treatment time and temperature are 

changing between 330 and 610 HV0.01. 

3) In addition, contour diagrams for the prediction thickness of silicide layer were utilized depending on 

the treatment time and temperature. This diagram is to give good results like classical kinetic formula 

depending on same process parameters. 

4) Activation energy (q) for the present study was determined as 540 KJ. mol-1. The growth rate constant 

(K) ranged from 7.76x10−7 to 2.45×10−5 cm2.s-1. 

5) The prediction of thickness and hardness of coating layer depending on process time and temperature 

is important for technological and industrial applications. In this study, it is possible to claim that 

contour diagrams of thickness can be used for practical and industrial applications. 
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CORROSION RESISTANCE OF PLASMA NITRIDED STRUCTURAL STEELS  
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Abstract  

Plasma nitriding technology, based on plasma assisted nitrogen diffusion into the steel surface, mostly used 

for improvement of wear resistance and fatigue strength is well known. Additional benefit of plasma nitriding 

is heat and corrosion resistance improvement. This study is focused on evaluation of corrosion resistance of 

plasma nitrided structural steels under several nitriding conditions. Experiments were performed on structural 

steels CSN 41 2050 (C45E), CSN 41 4220 (16MnCr5) and CSN 41 5230 (DIN 1.7361). Selected structural 

steels were manufactured for experimental specimens (size of 80x50x4 mm), heat-treated and plasma 

nitrided under following conditions: T = 500 °C, process duration t = 10 and 20 h, p = 280 Pa,  U = 510 V and 

variable gas mixture ratio of 3H2:1N2 [l/h] and 1H2:3N2 [l/h] for different compound layer phase composition. 

Corrosion tests were performed in the Liebisch GmbH & Co (S 400 M-TR) corrosion chamber in the mist of 

neutral sodium chloride dilution (NSS method), evaluated and documented in accordance to ISO 9227 

standard and results compared to different plasma nitriding conditions. Under different plasma nitriding 

conditions were different nitride layer characteristics obtained. Nitride layers were by surface hardness (HV), 

metallographic testing and microhardness testing (HV0,05) classified. Using the microhardness testing were 

different values of microhardness and nitride layer depth detected. Metallographic testing and additional 

concentration profiles measuring (using GDOES method) displayed different compound layers thickness, 

which tends to be a significant factor to corrosion resistance of plasma nitrided structural steels.  

Keywords: Plasma nitriding, corrosion resistence, compound layer 

INTRODUCTION  

Plasma nitriding technology, based on plasma assisted nitrogen diffusion into the steel surface deels for the 

most effective type of nitriding process. During the nitriding proces is the coumpound layer, so-called white 

layer, created on the steel surface and below this layer so-called diffusion layer, composed by stable nitrides 

of iron and alloying elements with high affinty to N (Fig. 1) [1, 2]. On the nitrided surface is a compound 

layer, so-called white layer, created. This surface layer is characterized by increased surface hardness (up to 

1200 HV and steels alloyed by Al up to 1500 HV), increased fragility and resistance to abrasion and 

corrosion attack [2, 3, 4]. This compound layer is composed by the nitrides of type ε-Fe2-3N and γ-Fe4N (and 

alloying elements), after the convetional gas nitriding process (Fig. 2). Thanks the control of plasma nitriding 

process conditions like voltage, duration, temperature is possible to regulate the characteristics of compound 

layer. By nitriding atmosphere composition choice (H2:N2 ratio, or by addition of C into the nitriding 

atmosphere) is possible to regulate the phase composition of compound layer and its properties [3, 5]. 

Characteristics of these surface layers are possible to change by several after-nitriding procedures [6, 7, 8, 

9]. Monitoring of surface parameters Pa, Ra, Wa [m] changes showed an increase of these parameters 

after plasma nitriding, makeable increase was detected on polished surfaces [10]. In this paper are corrosion 

resistance results of plasma nitrided steels CSN 41 2050 (C45E), CSN 41 4220 (16MnCr5) and CSN 41 

5230 (DIN 1.7361) under different plasma nitriding conditions with different nitride layer characteristics 

presented.  

mailto:david.kusmic@unob.cz
mailto:vojtech.hruby@unob.cz
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Fig. 1 Typical nitrided case structure Fig. 2 Compound layer phase composition [2] 

1. EXPERIMENTAL 

Corrosion resistance was evaluated on plasma nitrided experimental steel samples of size 80x50x4 mm. 

Manufactured steel samples C45E, 16MnCr5 and DIN 1.7361 were before plasma nitriding process heat 

treated to attain optimal mechanical characteristics. The chemical composition of mentioned steels was 

verified by the GDOES method on SA2000 LECO seen in Table 1.  

Table 1 Chemical composition/BULK 

Steel 
Standardized values [wt %] 

C Mn Si Cr Cu Ni V 

C45E 
0.42 
0.50 

0.50 
0.80 

0.17 
0.37 

max. 
0.25 

max. 
0.30 

max. 
0.30 

- 

16MnCr5 
0.14 
0.19 

1.10 
1.40 

0.17 
0.37 

0.80 
1.10 

- - - 

DIN 1.7361 
0.24 
0.34 

0.40 
0.80 

0.17 
0.37 

2.20 
2.50 

- - 
0.10 
0.20 

 GDOES/Bulk [wt %] 

C45E 0.466 0.662 0.234 0.064 0.252 0.132 - 

16MnCr5 0.189 1.052 0.288 0.715 0.222 0.197 - 

DIN 1.7361 0.315 0.525 0.293 2.507 0.034 0.037 0.176 

Plasma nitriding procedure was performed under mostly plasma nitriding conditions: temperature 510 °C, 

pressure of 280 Pa, in nitriding atmosphere of gas mixture H2:N2 (8:24 and 24:8 l/h) for 10 and 20 hours in 

the RUBIG PN 60/60 plasma nitriding device. For marking of plasma nitrided steels samples see Tab. 2. 

Before nitriding process, the pre-cleaning by plasma was applied to remove the oxides from the steel surface 

under following conditions: temperature 480 °C, under pressure of 100 Pa, in nitriding atmosphere of gas 

mixture H2:N2 (20:2 l/h) for 0.5 hour. After plasma nitriding process was the surface hardness HV evaluated 

using the LECO AVK - C2 device, the thickness of nitride layers was measured by microhardness method 

using the microhardness tester MH 400 at 50 g load and 10 s dwell time, compound layer thickness was 

evaluated and documented using the light and confocal laser microscopy OLYMPUS LEXT OLS 3000 (as 

the microstructure evaluation) and additionally by concentration profiles using GDOES method (SA2000 

LECO device) confirmed. Corrosion testing was performed in salt spray chamber of Liebisch GmbH & Co (S 

400 M-TR) by the NSS corrosion testing method (mist of neutral sodium chloride dilution) and visually 
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documented and evaluated in accordance to ISO 9227 standard. During the NSS corrosion tests different 

results of corrosion resistance were observed.  

2. RESULTS AND DISCUSION  

Surface hardness was measured on the plasma 

nitrided and not nitrided steels. On all plasma 

nitrided steels was increased surface hardness 

documented as function of chemical composition of 

steels and plasma nitriding process parameters (see 

Fig. 3). The greatest increasing of surface 

hardness, thanks to Cr and Mn content, was 

documented on steel DIN 1.7361 after 10 hours 

plasma nitriding in the reverse nitriding atmosphere 

1H2:3N2 (8:24 l/h) and with increasing nitriding 

process duration is slightly decreased. In the 

standard ratio atmosphere 3H2:1N2 (24:8 l/h) has 

the trend of surface hardness opposite direction, 

with increasing nitriding duration, increases slightly 

the surface hardness (as well as 16MnCr5 steel). 

Except the steel C45E, the surface hardness is slightly increasing after 10 and 20 hours of plasma nitriding 

process duration even in the case of reverse (1H2:3N2 - 8:24 l/h) and standard (3H2:1N2 - 24:8 l/h) gas ratio 

too.  

Table 2 Compound layer thickness [μm] 

Steel 
Gas ratio 

H2:N2 
10 hours 20 hours 

C45E (8:24) 4.9 6.6 

C45E (24:8) 6.6 8.5 

16MnCr5 (8:24) 2.5 4.8 

16MnCr5 (24:8) 7.9 9.0 

DIN 1.7361 (8:24) 4.7 5.4 

DIN 1.7361 (24:8) 6.4 7.0 
 

  

Fig. 4 Nitrided DIN 1.7361 (8H2:24N2 l/h, 10 h) Fig. 5 Nitrided DIN 1.7361 (24H2:8N2 l/h, 10 h) 

 

Fig. 3 Surface hardness [HV1] 
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2.1  Nitride layer evaluation 

The metallographic evaluation showed compact and pores-free compound layers created on the surface of 

plasma nitrided steel samples. The compound layers thickness is summarized in Table 2. Compound layers 

thickness was evaluated using the light and confocal laser microscopy (Fig. 4. and 5.), the values were set 

from 4.9 to 8.5 μm (C45E), 2.5 - 9.0 μm (16MnCr5) and 4.7 to 7.0 μm (DIN 1.7361).  

Table 3 Nitride layer depth [mm] 

Steel 
Gas ratio 

H2:N2 
10 hours 20 hours 

C45E (8:24) 0.29 0.37 

C45E (24:8) 0.26 0.35 

16MnCr5 (8:24) 0.27 0.38 

16MnCr5 (24:8) 0.40 0.52 

DIN 1.7361 (8:24) 0.18 0.32 

DIN 1.7361 (24:8) 0.28 0.36 

After plasma nitriding in standard gas ratio (3H2:1N2 - 24:8 l/h) was created compound layer thicker than in 

the case of the reverse gas ratio (1H2:3N2 - 8:24 l/h) and with increasing nitriding duration increases the 

compound layer thickness in both of nitriding atmosphere ratio types. For the evaluation of nitride layer depth 

was the microhardness testing procedure (HV0,05) used, according to DIN 50190 - part 3 standard, performed 

on microhardness tester Leco MH 400 at 50 g load and 10 s dwell time. After plasma nitriding in standard 

gas ratio was greater depth of nitride layer created, in comparison to the reverse gas ratio. Depth of nitride 

layer increases with increasing of nitriding duration. Increasing of nitride layer depth with nitriding duration 

was documented in both of nitriding atmosphere types, confirmed by concentration profiles GDOES (SA2000 

LECO device), see Table 3. 

2.2  Corrosion resistance evaluation 

Corrosion testing was performed in mist of neutral sodium chloride dilution (NSS) in the Liebisch GmbH & Co 

(S 400 M-TR) corrosion chamber under following test condition according to ISO 9227 standard: temperature 

of 35 ± 2 ºC, 5 % dilution of sodium chloride, quantity of fog pollutant was 1-2 ml.h-1 to 80 cm2, pH from 6.5 to 

7.2, evaluation period was determined to 1, 2, 4, 8, 16, 24 and 48 hours (for results see Fig. 6 - 8). The 

increased corrosion resistance of plasma nitrided C45E, 16MnCr5 and DIN 1.7361 steels compared to not 

nitrided is evident.  

  
Fig. 6 Corrosion attack - C45E steel Fig. 7 Corrosion attack - 16MnCr5 steel 
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Fig. 8 Corrosion attack - DIN 1.7361 steel  

 
Not nitrided 

 
10 h, 24H2:8N2 (l/h) 

 
20 h, 24H2:8N2 (l/h) 

Fig. 9 Corroded surface of 16MnCr5 steel after 48 hours of exposure time in NSS 

The most of samples were degraded after 48 hours of exposure in NSS corrosive environment, and the 

corrosion test was stopped. Differences of corrosion resistance between the different types of nitriding 

procedures are evident too. The best results were won in the case of plasma nitrided 16MnCr5 steel for 20 

hours in the 24H2:8N2 (l/h) nitriding atmosphere (Fig. 9). After 48 hours of exposure time the corroded area 

reached 60 % of steel surface (Fig. 7). Thanks to chemical composition (presence of Cr and V), very similar 

results achieved the DIN 1.7361 steel after plasma nitriding for 10 and 20 hours in the 24H2:8N2 (l/h) 

standard nitriding atmosphere. Minimal differences of corrosion resistance achieved plasma nitrided C45E 

steel (Fig. 6). Generally for all used steels, the best results were won after 20 and 10 hours in the standard 

nitriding atmosphere.  

3. CONCLUSION 

The aim of presented experimental was evaluation of corrosion resistance of plasma nitrided structural steels 

(C45E, 16MnCr5 and DIN 1.7361) under most widely used plasma nitriding conditions in industrial 

applications (see Chapter 1). Testing of corrosion resistance was performed in the mist of 5 % neutral 

sodium chloride dilution (NSS) according to ISO 9227 standard. Before corrosion testing were created nitride 

layers and compound layers evaluated by surface hardness, compound layer thickness and nitride layer 

depth. Surface hardness of all plasma nitrided steels samples were increased (DIN 1.7361 steel up to three 

times). As effective can be the first plasma nitriding type (10 hours, 8H2:24N2 (l/h)) considered. Very similar 

values were won after 20 hours of plasma nitriding in the 8H2:24N2 (l/h) nitriding atmosphere. The thickness 
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of compound (white) layer is on nitriding atmosphere ratio dependent and increases with nitriding duration. 

Even compound layers created in standard nitriding atmosphere 24H2:8N2 (l/h) after 10 hours of plasma 

nitriding are thicker than in reverse atmosphere 8H2:24N2 (l/h) after 20 hours of plasma nitriding (see Table 

2). The same trend was observed in the nitride layer depth evaluation (compound and diffusion layer). The 

nitride layer depth increases with nitriding duration and is on nitriding atmosphere ratio dependent (see 

Table 3). Corrosion tests have shown, that plasma nitriding can significantly increase the corrosion 

resistance of structural steels. Best results were won after 20 and 10 hours in the standard nitriding 

atmosphere (24H2:8N2 (l/h)), which is related to increased compound layer thickness.   
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Abstract 

Medical implants used in medicine are made by different alloys such as stainless steels, cobalt and 

chromium alloys, titanium and its alloys. Among these alloys, titanium has the most interest because of its 

properties: high strength, low density, very good corrosion resistance. To increase the biocompatibility, 

titanium alloys are coated with ceramic layers by diverse methods. Alumina (Al2O3) is a biocompatible 

ceramic material that is commonly used in orthopedic to cover the metallic implants. In recent years it can be 

observed the growing interest in making alumina hip prostheses due to the lower operating life of polymer-

metal joints often used. From all the thermal spraying methods, in the case of ceramics coating, plasma 

thermal spraying presents the best results because of the high temperatures developed by the plasma jet 

which are sufficient to melt the ceramic particles. 

The paper presents the experimental results on the deposition of alumina coatings on titanium alloy 

substrate by plasma thermal spraying method. X-ray diffraction performed on the powders used for coating  

and on the obtained layers shows that during the thermal spraying process the structure suffered minor 

changes. Scanning electron microscopy analysis shows that the deposited layers are dense, uniform and 

without cracks. The roughness of the deposited layers has values between 5.12 and 5.38 µm which will 

ensure a good osseointegration of the implant in the human body. 

Keywords: plasma spraying, biomaterial, microstructure  

1. INTRODUCTION 

Biomaterials used in medicine include a very wide range of chemical compositions and structures being 

generally designed for other use but due to the specific characteristics may function in biological 

environments [1]. Biomaterials are used to replace totally or partially the form and the function of diseased 

tissue or organ, being also the interface with a biological environment [2]. 

In various biomedical applications, titanium and other titanium alloys are used for some other great features, 

such as shape memory properties or superelasticity, completely new properties compared with those of 

conventional metallic alloys [3]. 

In recent years, are used more and more these materials for realizing various prostheses (hip, knee, elbow, 

etc.) for replacement implants of various causes (accidents, disease) or different devices [4]. This justified 

also the increasing interest in the development of biocompatible materials and methods for obtaining them. 

Thus, the advantages of titanium and its alloys require research orientation towards achievement of more 

advanced and improved biomaterials with higher biocompatibility [5]. 

Alumina (Al2O3) is a biocompatible ceramic material that is often used for coating of medical implants and 

more often to the hip joint due to low friction coefficient, successfully replacing metal-polymer joints which 

have a lower lifetime due to the particles resulting from contact between the two materials which reach in the 

human body causing serious problems [6]. 

Alumina can be deposited on metal implants by various methods: thermal spraying, laser, magnetron 

sputtering etc [7]. From all the thermal spraying methods, plasma thermal spraying is the most appropriate 

mailto:raduniz@gmail.com
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method to deposit ceramic coatings due to high temperatures during thermal spraying process (≈ 16 000°C) 

temperatures sufficient to melt the particles and creating the conditions for achievement the coatings [8]. 

The paper presents the experimental information regarding deposition of alumina coatings on titanium alloy 

and the characterization of the coatings. 

2. MATERIALS USED 

For the experimental program was used Al2O3 powder with the particle size of 11-62 μm acquired by Sulzer 

Metco Company. As substrate we used titanium alloy (Ti6Al4V) discs as Ø 20x10mm. Sample preparation 

used as substrate was done by blasting. After blasting, the samples were cleaned with technical alcohol. 

2.1 Thermal spraying equipment  

For the experiments we used plasma thermal 

spraying equipment from Sulzer Metco. As 

plasma gas was used Ar+6 %H2 and as carrier 

gas pure argon was used. Fig. 1 shows a 

schematic diagram of the plasma spraying 

process. 

Due to the high temperatures, alumina powder 

melts and is driven by the plasma jet directly to 

the substrate. Particles reached the substrate 

surface in plastic state adhere based on specific 

mechanisms. Parameters used to achieve 

alumina coatings of are presented in Table 1. 

Table 1 Parameters used to achieve alumina coatings 

Plasma 

Current 

(A) 

Plasma 

Voltage 

(V) 

Primary 

Gas Flow 

(l/min) 

Carrier 

Gas Flow 

(l/min) 

Powder 

Feed Rate 

(g/min) 

Spray 

Distance 

(mm) 

500 75-80 50 15 15 90 

2.2 Equipment used for investigation  

Scanning electron microscope (SEM) Inspect 

S model coupled with the Energy-dispersive 

X-ray spectroscopy (EDX) was used to 

characterize the external surfaces. For the 

phases composition was used X Ray 

Diffractometer X’Pert Pro MPD PANalytical. 

For the coating thickness was used Easy 

Check F-N device, and for the coatings 

roughness Surftest 201 (SJ-201), Mitutoyo 

device was used.  

3. EXPERIMENTAL RESULTS  

3.1 X Ray Diffraction 

Fig. 2 shows the X-ray diffraction analysis of 

the of alumina powder (Al2O3) and in Fig. 3 is 

Fig. 1 Plasma thermal spraying principle 

Fig. 2 X-ray diffraction analysis of the of alumina powder 
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shown X-ray diffraction analysis of the 

alumina coating deposited by plasma 

thermal spraying. 

X-ray diffraction analysis of the deposited 

layers shows that structure is formed by α-

Al2O3 and     γ-Al2O3. This suggests that 

the particles were sufficiently melted 

before reaching the substrate. 

3.2 SEM analysis of Al2O3 powder 

Fig. 4 presents the morphology of alumina 

powder used for deposition by plasma 

thermal spraying in Fig. 5 is presented the 

EDX analysis of the powder. 

 

 
a)       b) 

Fig. 4 SEM analysis of Al2O3 powder: a) 500x, b) 1000x 

 

 
Fig. 5 EDX analysis of the powder 

Fig. 3 X-ray diffraction analysis of the alumina coating 
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3.3 The microstructure of the Al2O3 coatings 

In Fig. 6 are presented SEM images of alumina coating deposited by plasma spraying.  

 
a)         b) 

Fig. 6 SEM analysis of Al2O3 coating deposited by plasma thermal spraying: 1000x, b) 2000x 

 

SEM analysis shows that alumina particles were melted by the plasma jet and were deposited with high 

speeds leading to the formation of dense and rough layers. The thicknesses of the deposited layers have 

values between 150 and 180 µm. The roughness values have values between 5.12 and 5.38 μm values that 

will ensure a good osseointegration of the implant in the human body due to increased contact surface. 

4. CONCLUSIONS 

1) The experimental program of realization and quality assessment of alumina coatings obtained by 

plasma thermal spraying aimed to determine the structure, characteristic microstructures and their 

roughness. 

2) X-ray diffraction analysis of the deposited coating by plasma thermal spraying method shows that the 

structure is formed by α-Al2O3 and γ-Al2O3, because the particles were melted before reaching the 

substrate. 

3) SEM analysis shows that the alumina coatings are dense, compact and without thermal spraying 

defects such as cracks  

4) The roughness of the coatings has values between 5.12 and 5.38 μm, so the implant coated with 

alumina will provide a better osseointegration in the human body. 

ACKNOWLEDGEMENTS 

This work was partially supported by the strategic grant POSDRU/89/1.5/S/57649, Project ID 57649 

(PERFORM-ERA),co-financed by the European Social Fund - Investing in People, within the Sectoral 

Operational Programme Human Resources Development 2007-2013. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

981 

LITERATURE  

[1] KAMACHI, U., M., SRIDHAR, T. M., RAJ, B. Corrosion of bio implants, Journal of the Indian Academy of 

Sciences, 2003, Vol. 28, Parts 3 & 4, pp. 601-637  

[2] Rodríguez, B., Romero, A., Soto, O., Varorna, O. Biomaterials for orthopedics, Applications of Engineering 

Mechanics in Medicine, 2004, pp. 1-26,  

[3] David, F., Williams, I. On the mechanisms of biocompatibility, Biomaterials, 2008, Vol. 9, pp.1-13 

[4] Robert, B. Heimann, Materials Science of Crystalline Bioceramics: A Review of Basic Properties and Applications, 

CMU. Journal, 2002 Vol. 1(1), pp.23-46 

[5] Nasab, M. B., Hassan, M. R. Metallic Biomaterials of Knee and Hip - A Review, Trends in Biomaterials & Artificial 

Organs, 2010. Vol. 24(1) pp. 69-82 

[6] Pattyn, C. Smet K.A. Primary Ceramic-on-Ceramic Total Hip Replacement Versus Metal-on-Metal Hip 

Resurfacing in Young Active Patients, Orthopedics, 2008, Vol. 31(11) pp. 1078-1089 

[7] Singh, G., Singh, S., Prakash, S.,Role of Post Heat Treatment of Plasma Sprayed Pure and Al2O3-TiO2 

Reinforced Hydroxyapatite Coating on the Microstructure and Mechanical Properties, Journal of Minerals & 

Materials Characterization & Engineering, 2010, Vol. 9(12), pp.1059-1069 

[8] Levingstone, T. Optimisation of Plasma Sprayed Hydroxyapatite Coatings, PdD Thesis, School of Mechanical and 

Manufacturing Engineering, Dublin City University, Ireland, 2008 

http://www.healio.com/orthopedics/hip/journals/ORTHO/%7BB4E3C3E6-EAC3-4B23-BC22-9EC9B2EDD0FD%7D/Primary-Ceramic-on-Ceramic-Total-Hip-Replacement-Versus-Metal-on-Metal------Hip-Resurfacing-in-Young-Active-Patients##
http://www.healio.com/orthopedics/hip/journals/ORTHO/%7BB4E3C3E6-EAC3-4B23-BC22-9EC9B2EDD0FD%7D/Primary-Ceramic-on-Ceramic-Total-Hip-Replacement-Versus-Metal-on-Metal------Hip-Resurfacing-in-Young-Active-Patients##


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

982 

COMPARISON OF NiCrBSi COATINGS, HVOF SPRAYED, RE-MELTED BY FLAME 

AND BY HIGH-POWER LASER 

Šárka HOUDKOVÁ, Marek VOSTŔÁK, Matěj HRUŠKA, Jan ŘÍHA, Eva SMAZALOVÁ, 

Zdeněk ČESÁNEK, Jan SCHUBERT 

University of West Bohemia, Pilsen, Czech Republic, EU, houdkov@ntc.zcu.cz 

Abstract  

The possibility of increasing the mechanical properties of some of thermally sprayed coatings by applying the 

thermal post treatment is known, even though not very often use. The NiCrBSi alloy belongs to the group of 

materials that profits considerably from re-melting of previously sprayed coating. The technologies of re-

melting differ, usually in dependence on the available equipment. The most often are furnace or flame re-

melting. Although these technologies are not expensive, they cannot be effectively controlled and their 

results are not fully repeatable. To remove this disadvantages, the high power lasers can be use to re-melt 

the coating with precisely controlled heat input. In the paper, the comparison of microstructure and 

mechanical properties of as-sprayed, flame re-melted and laser re-melted NiCrBSi coating is presented. The 

advantages of using high-power lasers are described with respect to the functional properties of evaluated 

coating. 

Keywords: NiCrBSi, HVOF, coating, laser re-melting, flame re-melting, microstructure, mechanical 

properties 

1. INTRODUCTION 

The NiCrBSi coatings are usually used as a wear, corrosion and oxidation resistant coatings that can be 

applied at high temperature conditions up to 800°C. Their application range is wide, including glass mould 

industry, paper industry, petrol industry or chemical industry. They have been applied for example on the fan 

blades, hot working punches, piston rings, valves, rollers in steel making, fossil-fuel-fired boilers, waste 

incineration boilers pump shafts at so on [1-4]. Often they are used as a replacement of environmentally 

harmful hard chromium coatings [1,5,6]. The technology of coating deposition includes different kinds of 

thermal spray technologies: oxygen-fuel flame spraying [7-9], atmospheric plasma spraying [1,5,6,10,11] and 

HVOF spraying [3,4]. The sprayed NiCrBSi coatings exhibit the typical microstructure resulting from the 

spraying technology: pores, oxides and unmelted particles. Their amount depends on the used technology. 

While the flame spraying results in poor coating quality, the HVOF gives coatings with low porosity and minor 

unmelted particles. Thanks to the unique coating material composition, the NiCrBSi can be fused after the 

spraying process to increase the functional properties, namely the corrosion resistance. While chromium is 

responsible for corrosion and oxidation resistance and thermal stability, boron and silicon is decreasing the 

melting temperature and help to the re-melting process, the presence of carbon enables to create the 

carbides, that can increase the hardness and wear resistance of the coating [6]. The re-melting process is 

realized most often by flame [7,8], in the furnace [3], or lately by energy of high-power lasers [1,4,6,8,11]. 

While the flame re-melting process enables to decrease the amount of porosity of the coating, homogenize 

the coating microstructure and increase the related corrosion resistance, it is not able to reach the substrate 

material and create the metallurgical bonding between substrate and the coating. The re-melting in the 

furnace has the biggest disadvantage in influencing the substrate bulk material: the temperature necessary 

for NiCrBSi re-melting is 1040°C [9]. The technology of laser re-melting has a potential to eliminate above 

mentioned disadvantages. It can be well controlled to reach locally the temperature necessary for melting the 

mailto:houdkov@ntc.zcu.cz
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coating as well as to create the metallurgical bonding between the coating and substrate and simultaneously 

avoid the influencing of the substrate material. On the other hand, the laser re-melting process brings a risk 

of creation of the cracks, caused by the high thermal gradient in the small influenced area [11]. The presence 

of cracks is crucial regarding the corrosion resistance, the property of interest in the re-melting process. The 

attention has to be paid to precise process parameter adjustment. The pre-heating and controlled cooling 

should take a place to avoid the crack formation and coated component deformation [3,8,12]. To accomplish 

the list of possible NiCrSiB deposition technologies, the direct laser cladding has to be mentioned [2,7,8,12]. 

It has the advantage of the direct creation of metallurgical bonding combined with deposition of porous-free 

coating. The similar risk of cracking during solidification appears as in the case of laser re-melting.  

In this paper, the HVOF sprayed NiCrBSi coating is compared to the coating, sprayed by HVOF and re-

melted by flame and by HPDD laser. The microstructure of the coatings was evaluated by optical (OM) and 

scanning (SEM) electron microscopy, the phase composition of original powder material and as-sprayed and 

re-melted coatings was compared by means of XRD measurements, and basic mechanical properties were 

measured to describe mutual differences.  

2. EXPERIMENTAL 

2.1 Coatings preparation 

The NiCrBSi coating was sprayed by HP/HVOF TAFA JP5000 spraying equipment in VZU Plzen onto grit 

blasted 11 523 substrate. For spraying, the FST 771.33 powder was used. Its nominal chemical composition 

is: 15 %Cr; 4 %Fe; 4,25 % Si, 3 %B; 0,7 %C; Ni rest. The grit blasting was realized by Al2O3, F22 (with a 

grain size 0,8-1 mm). The dimensions of substrate (200 x 100 x 10 mm) were chosen to ensure sufficient 

heat dissipation during re-melting process.  

For the flame re-melting the GTV 6P-II gun was used. The constant distance 100 mm from coated substrate 

was kept. No specific traverse speed or offset was used.  

The HPDD 4kW laser Coherent HighLight ISL-4000L; 808 ± 10 nm wave length was used for laser re-

melting. The laser re-melting parameters were chosen based on the previously done optimization process 

(will be published elsewhere). Parameters of laser re-melting process were as follows: The specific energy 

93 J/mm2, traverse speed 70 mm/min, spot size 10 x 6 mm, 2 mm overlap. To prevent the high thermal 

gradient, responsible for cracking of the coating, the pre-heating of the substrate to the 250°C was used.  

2.2  Experimental methods 

The microstructure of the coatings were evaluated on the cross sections (grinded and polished using 

automatic Leco grinding and polishing equipment) by optical microscope Nicon Epiphot 200, by digital optical 

3D microscope Hirox KH7700, and SEM Quanta 200 from FEI equipped by EDAX NEW XL-30 Silicon doped 

by Lithium detector. To highlight the microstructure features, the metallographic etching by etchant 

(1HCl:10HNO3:10H2O) was done.  

The phase composition of original powder, HVOF as-sprayed coating, HVOF sprayed plus flame re-melted 

and HVOF sprayed plus laser re-melted coatings was evaluated and compared by means of XRD. The 

measurement was carried out on an automatic powder diffractometer Panalytical X’Pert Pro. This instrument 

uses a Copper X-ray tube (1 = 0,1540598 nm) and an ultra-fast semiconductor detector PIXcel with high 

resolution ability. For the measurement the symmetrical Bragg-Brentano (-) geometry was used. The 

measuring range was 25 ÷ 120 2.  

The surface roughness was measured by surftester Mitutoyo SJ-201P, according to DIN EN ISO 4287. The 

reported values are average from at least five measurements. The surface hardness HR15N was measured 

on the as-sprayed coatings surfaces using hardness tester Rockwell HT 8003. The reported values are 
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average from at least 5 measurements. The coating microhardness HV0.3 was measured on the coatings 

cross-sections. The reported values are average from at least 7 measurements.  

3. RESULTS 

3.1  Coatings microstructure 

The over whole view on the coatings cross section can be seen in the Fig. 1. The porosity of HVOF as-

sprayed coating is low, no cracking or delamination was observed. The flame re-melted coating in its upper 

part contains a certain amount of bubbles, but the over whole homogeneity is quite good; the splat 

boundaries disappeared in consequence of fusing process. The roughness of boundary between coating and 

substrate is preserved; no metallurgical bonding can be expected due to flame re-melting process. The laser 

re-melted coating contains no cracks, delamination, porosity or bubbles. Moreover the metallurgical bonding 

between coating and substrate was successfully created. 

   
a)      b)     c) 
Fig. 1 SEM of NiCrBSi coating a) HVOF as-sprayed; b) HVOF sprayed + flame re-melted; c) HVOF sprayed 

+ laser re-melted 

  
a)      b) 

Fig. 2a OM of etched NiCrBSi HVOF as-sprayed microstructure at nominal enlargement a) 100x; b) 500x 

In the Fig. 2, the individual splats are recognized. The small particles within individual splats are expected to 

be hard borides or carbides, responsible for high hardness. Similar small precipitates were observed in the 

microstructure of HVOF sprayed flame re-melted coatings. 

In the microstructure of laser re-melted coatings the evidence of high thermal energy input can be seen (Fig. 

3). The microstructure changes along the cross section. Several different areas were identified: on the 

substrate-coating boundary, a planar front solidification region is observed. It is followed by the area 

characterized by well developed dendritic structure about 70 µm thick. In the middle part of the coating, the 

microstructure with fine grains is followed by well organized crystalic structure with bigger grains. Such a 

microstructure is typical for laser re-melted or laser clad coatings [1,6,7,10,11].  
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a)      b) 

Fig. 2b OM of etched NiCrBSi HVOF as-sprayed laser re-melted microstructure at nominal enlargement a) 
100x; b) 500x 

To identify the individual phase composition the EDX measurement was done. The measured spots are 

indicated in the Fig. 3 and the results of the EDX measurement are summarized in the Table 1.  

The XRD analyses revealed a high number of phases. 

The complexity of the NiCrBSi alloy enables to create 

different types of borides, carbides and silicates. The 

main structure phases were identified as: FeNi (γ-Ni), 

CrB, Ni3B, Al5FeSi, NixSiy, and FeSi. The XRD results 

together with the EDX measurement led to the 

conclusion, that the black phase in the Fig. 3 (spot 1) is 

the chromium boride, while the bright areas (spot 3) can 

be identified as a (γ-Ni). Comparing the measured XRD 

results with the result reported in literature [3,7,11], the 

phase corresponding to the carbide (Cr7C3 or (Cr, Fe)7C3) 

was not observed. Instead of them, the Si-based phases 

were identified in our case. The other identified phases 

were in an agreement with previously reported results 

[3,7,11]. 

Table 1 The result of EDX measurement of laser re-melted NiCrBSi coating  

% wt Ni Cr B Si C Fe 

1 31.72 34.99 17.11 1.67 11.57 2.96 

2 52.97 18.92 14.67 2.95 7.29 3.20 

3 60.28 15.83 7.48 3.84 8.38 4.18 

Fig. 3 The SEM of laser re-melted NiCrBSi 

with indication of EDX measurement 
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Comparing the measured 

XRD of original powder, as-

sprayed, flame and laser re-

melted coating similar 

phases are observed. The 

difference in the XRD 

spectra widths and their 

small shift are given by the 

different level of crystalinity 

and by the stress revealing 

during coating re-melting. In 

the case of re-melted 

coatings, a certain amount 

of oxide NiCr2O4 is 

observed, originating from 

re-melting process in the air 

atmosphere. In case of laser 

re-melting, the oxide creates 

a glass-like surface on the 

top of the coating, which is 

beneficial for increasing the 

coating corrosion 

resistance. 

3.2  Coatings properties 

The comparison between the properties of HVOF sprayed, HVOF sprayed and flame re-melted and HVOF 

sprayed and laser re-melted can be seen in the Table 2.  

The thickness of the as-sprayed and flame re-melted coating is in the range of the measurement scatter 

(connected with the higher roughness of as-sprayed coating) comparable. The increase of laser-melted 

coating thickness is caused by the dilution - the mixing of substrate and coating material on the coating-

substrate boundary.  

The decrease of surface roughness for both technologies of re-melting is obvious. In the case of laser re-

melting, the surface has almost glass-like surface, probably created by thin oxide layer.  

The superficial hardness and microhardness is the highest for as-sprayed coatings. The reason is in well 

distributed small precipitates in the microstructure, combined with compressive residual stress, typical for 

HVOF coatings. During re-melting, the size of the precipitates increases and their distribution is not so 

homogonous. Simultaneously, the annealing decrease the level of compressive streets, and in the case of 

laser re-melting, the tensile stress originating from solidification is introducing. The decrees of hardness in 

consequence of re-melting is typical for re-melting process [3,4,7-9]. 

Table 2 The result of EDX measurement of laser re-melted NiCrBSi coating  

 
Thickness 

[µm] 
Surface hardness 

HR15N 
HRC 

Microhardness 
HV0.3 

Surface 
roughness Ra 

Surface 
roughness Ra 

HVOF 456 ± 70 87.7 ± 1.8 55 815 ± 59 6.72 ± 0,95 36.47 ± 4.33 

HVOF + flame 
remelting 

448 ± 47 86.4 ± 2.1 52 860 ± 71 1.32 ± 0.33 8.38 ± 1.62 

HVOF + laser 
remelting 

500 ± 34 80.7 ± 5.6 41 781 ± 30 0.46 ± 0.22 3.51 ± 1.36 
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Fig. 4 XRD spectra of original powder, as-sprayed, flame and laser re-

melted coating 
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Abstract 

The work deals with the research of materials based on Cr-Ni steels which are commonly used in the glass 

industry. The surface of these materials is in the permanent direct interaction with the molten glass. 

Moreover, this surface is exposed to aggressive environment which occurs as a result of pre-heat by open 

flame, lubrication by oils and it can even occur on the basis of diffusion of other elements. If there is the 

occurrence of oxidation products on the surface, it means unacceptable quality of glass products and this 

causes defects relating to insufficient quality of products.  

The work is based on proposed approaches including the influence of the surface to eliminate or to delay its 

occurrence. Proposed and performed corrosion tests of these materials can help from the aspect of decision 

for the selection of optimum surface of materials under the stress (glass moulds and glass pre-moulds). 

Therefore, it is very important to obtain information on behaviour for uncoated and coated material in a 

simulated corrosive environment.  

Keywords: corrosion resistance, corrosion tests, coating, glass mould, glass pre-mould 

1. INTRODUCTION 

Thermally loaded components operating in corrosive - aggressive environment in the glass industry which 

accelerates the degradation process of materials, thereby reducing the overall lifespan.  

The experiments made on the supplied samples were based on analysis of operating corrosion damage of 

steel samples 1.4016 and they were focused on the nature and extent of surface changes. The simulation of 

corrosive settings were performed on the prepared samples. All corrosion tests were carried out according to 

the standards.  

Formulation of the problem: 

 To evaluate the change of structural surfaces in aggressive corrosive setting and the impact of 

structural inclusions on acceleration of corrosion process. 

The evaluation methodology  

Investigation of extent and type of damage is based on the metallographic evaluation of damaged sample 

surfaces from specific parts. Structural and phase characteristics were observed in transverse and 

longitudinal cuts of the sample depending on the rolling direction. Selection of materials is shown in Fig. 1. 

This material was subjected to the corrosion tests in the corrosion chamber. 

mailto:michaela.fedorova@fpt.tnuni.sk
mailto:frantiska.pelsova@fpt.tnuni.sk
mailto:rastislav.talas@fpt.tnuni.sk
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Fig. 1 The list of evaluated samples 

Corrosion chamber 

Corrosion tests were carried out in the corrosive environment of 5 % NaCl on the corrosive diagnostic device 

Gebr. Liebisch S 400 M - TR with the parameters given in Table 1. 

Table 1 Parameters of corrosion chamber 

Volume of corrosion chamber 0,4 m3 

The temperature range of the corrosion chamber  to 50°C 

The temperature range of the spray solution  to 70°C 

Consumption of the test solution 0,4 - 0,8 l/h 

Electric input 1600 W 

2. EXPERIMENTAL PART 

Experimental evaluation was based on operating samples which were gradually chemically cleaned from the 

corrosive fumes. The basic material showed typical partial heterogeneity of ferrite grains - Fig. 2 and Fig. 3. 

        
250x                                      250x 

Fig. 2 Basic material 1.4510 in the central region Fig. 3 Basic material 1.4510 at the surface 

Operational damage of the material surface 1.4016 is documented in Fig. 4 and Fig. 5. Identified layer is 

mainly composed of oxide coating without linking with a surface of the evaluated material. Gradual surface 

cleaning resulted in almost complete elimination of the layer. Primary discontinuities are evident on the metal 

sheet surface in the rolling direction. Due to the extent of corrosion attack these areas can be considered as 

initiating centres of degradation, that gradually passed into the base material. 
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Fig. 4 Surface of material 1.4016 after cleaning  Fig. 5 Detail of corrosion damage 

Areas exposed to aggressive setting have obvious connection with baseline material surface. In all evaluated 

areas where intense surface damage was observed, material discontinuities were also documented on the 

surface associated with the local occurrence of carbide phases directly near the subsurface. Surface 

damage can be characterized as an unequal, locally initiated corrosion attack, that follows the state of the 

components surface. This defect does not have the character of a typical flat initiated pitting. Cavity 

morphology is caused by structural heterogeneity in the most damaged surface areas. Release of carbides 

allows penetration of corrosion into the internal volumes previously damaged material. In the immediate 

vicinity of corrosion cavities formation, the micro-volumes of decohesion after falling out of carbide phases 

without corrosive attack were also found.  

This effect indicates the presence of a more complex phase spectra that differ in their relationship to the 

chemical stability of steel. Specific mechanism of corrosion damage is related to the heterogeneity of applied 

steel. 

2.1  Microstructural analysis of the material 1.4016 

  
    Fig. 6 Carbide chain of material 1.4016   Fig. 7 Carbide chain - detail 

The typical structure of steel 1.4016 which was to replace material 1.4510 is shown in Fig. 6 where a carbide 

chain was detected. Generally, from metallographic analysis in longitudinal cut shows that representation as 

well as distribution of carbide phases is preserved even across the whole cross-section sheet. The frequency 

of this phase does not decrease towards the surface and sometimes occurs the "collision" directly with the 
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surface layer, which results in surface imperfections. The cause of typical decohesion of matrix are in - row 

excluded carbides that are in detail presented in Fig. 7. 

Experiments showed that there was no distribution along the grain boundaries. Occurrence along the grain 

boundary and across the area in the interior in comparison with the occurrence in lines (in the rolling 

direction) is negligible. Due to the observed relation with uneven corrosion surface damage, all occurring 

phases and their principled relationship with the local loss of corrosion resistance of steels were analyzed in 

detail. 

Chemical microanalysis demonstrated that they are chromium carbides (in accordance with independent 

laboratory), which means that their occurrence induces chemical heterogeneity in the vicinity. There is a 

depletion of chromium, which is accompanied by a decrease of the corrosion resistance in these affected 

microlocations. The effect is very closely located because the layer does not reach over 2m under the 

conditions of measurements. 

Metallography confirmed the presence of in - row excluded inclusions. Chemical microanalysis show that 

they are complex oxide inclusions. The typical character of the complex oxides distribution is presented in 

Fig. 8 near more coherent lines of chromium carbides. 

Occurrence of oxides in comparison with carbides was significantly lower and their exclusion was associated 

with significantly more serious matrix incoherence. In case of exclusion of more coherent line these complex 

oxide inclusions were source of continuous discontinuities that developed during rolling. The characteristic in 

- row exclusion and results of detected spectrum of inclusion type provides Fig. 9. Moreover, a crack 

creating occurred in this case. 

  
 Fig. 8 Occurrence of complex oxides   Fig. 9 Decohesion of matrix around      

         complex oxides 

From the structural material analysis, discontinuities ("the separating layers") generated in the vicinity in 

comparison with volumes of surrounding material away from defects, it shows that the damage of the surface 

do not have to be connected with more extensive non homogeneity of structural and chemical nature of the 

matrix. 

Oxide inclusions were also observed in supplied samples of the material 1.4016. In terms of impact on the 

material quality, it is the same mechanism when in - row exclusion of oxides leads to matrix decohesion even 

to continuous discontinuities in the rolling direction. In the case of surface identified defect, the exclusion of 

these inclusions was done in a way of cluster in the surface layer. The load of this layer in rolling process 

subsequently led to a gradual redistribution of inclusions and isolation in this way contaminated layers 

accumulated in one location. 
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When it comes to the corrosion, the negative impact of damage lies in non compactness as well as in 

"mechanical" damage of the surface. This place belongs to the strong corrosion initiation, when it 

accumulates moisture and aggressive fumes from the environment in a such way damaged surface. 

2.2  Microstructural analysis of the material 1.4510 

To above mentioned evaluation results of the material 1.4016, in the supplied material sample the analysis 

was aimed to microcleaness evaluation, especially in the extent and distribution of contamination. 

Surface distribution of inclusions was detected in the characteristic rate of contamination by non-metallic 

inclusions and this means definitely different character in contrast with in - row exclusion of the material 

1.4016. 

Identification by the chemical microanalysis showed that they are almost titanium nitrides - Fig. 10. Nitride 

distribution is accompanied by oxides excluding - they are complex, very fine oxides, often in direct 

combination with nitrides, which incidence in examined sample in comparison with occurrence of carbides 

was very low. 

Occurrence of clusters of oxides complex (which evoked microscopic discontinuities in the material 1.4016) 

did not occur in the extent that would significantly reduce the material quality e.g. the unique cluster 

documented in Fig. 11. 

  
   Fig. 10 Nitrides in material 1.4510 - detail    Fig. 11 Cluster oxide inclusions in material1.4510 

From the whole range of the contaminants occurred, the oxide inclusions were observed in negligible rate. 

Occurrence of carbides in the locality was not observed in a significant extent - in any typical relation to the 

structural steel construction (in - row, surface or along the grain boundaries). 

By detecting the carbide presence in the material 1.4510 in the comparison with the material sample 1.4016 

it can be concluded the negligible effect on the corrosion resistance. 

From the above mentioned evaluation of selected Cr-Ni materials which covered corrosion resistance there 

can be evaluated the following conclusions. 

3. CONCLUSIONS 

1) Surface of materials based on Cr-Ni steels, which interacts with the hot glass melt and simultaneously 

is exposed to aggressive environment not only affects the corrosion properties but also the strength 

characteristics of these materials. 
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2) Steel structure consists of ferrite grain mostly with non uniform size (if structure is finer, corrosion 

resistance is better) with the occurrence of the intermediate phases based on chromium carbides 

which affect corrosion resistance of ferritic steels. 

3) Ferritic steel grains 1.4016 are elongated in the rolling direction which means that the texture after 

plastic deformation is maintained. 

4) The occurrence of in -row ferrite shows large degree of deformation, which is retained in these steels 

and that leads in more stress in the material and reduced corrosion resistance. 

5) State of stress ferritic structure is penetration residual and thermal stress, that can be amplified by the 

corrosion in the surface layers. This may occur by the formation of limit state deformations and 

violations. 

6) In the case of occurrence by intermediate phases filled cavities, it is assumed that there will also be 

changes in the corrosion resistance of operationally exposed materials. 

7) If the surface of the supplied materials is broken in any manner (by the straightening, welding, 

assembly), we can predict more tenseness in the subsurface layers leading to the initiation of cracks 

and other damage. 

8) Also corrosion tests showed that in the areas of material discontinuities, more corrosive attack it 

occurred in comparison with the surrounding less damaged structure. 

9) Ferritic Cr-Ni steel is very sensitive to any notches on the surface. The transition temperature will 

depend on compliance of the chemical composition, grain size and cleanness of the structure. 

Based on the comparison of the surface quality of supplied materials with etalon it can be clearly said that it 

is a big difference in a quality and that there will be a need to consider their use for glass materials. We 

recommend material 1.4510 based on the corrosion tests. When designing components that are in contact 

with hot glass melt it is very important the structural material purity, because this can also be the initiator of 

corrosive attack.  
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Abstract 

The subject of this paper is to describe the practical use of micro-indentation methods, i.e. measurement of 

material characteristics by low loads indentation tests, for the preparation a standardized procedure of the 

conditional monitoring of selected system components of the safety-related systems to ensure their long-

term exploitation. 

The observation results presented here show, that standardized conservative methods of measurement of 

material properties, such as monitoring of changes of the relative elongation at break or OIT (Oxidation-

Induction Time), which defines the aging rate, and can be supplemented or fully replaced by methods of 

micro-indentation measurements. These methods can be effectively determine parameters of the dynamic 

hardness significantly more accurately and consequently identify local indicators of aging with significantly 

higher populations of measurements.  

Herewith, there is guaranteed realistically determine values of the indicators of aging and eliminate 

uncertainty measurement and considerably precise a prediction of service lifetime. The indisputable 

advantage is also non-destructive nature of the tests and demands to the size of samples. 

Keywords: surface layers, mechanical properties, nanoindentation, x-ray fluorescence, ageing of polymers  

1. INTRODUCTION 

With regard to the requirements for long-term operation nuclear power plants that follow from legislation, it is 

necessary for the important equipment to demonstrate their adequacy for all design basis events and for the 

whole period of their service. This is one of the basic principles of nuclear safety of the defense against 

common cause failures. This concept is called the equipment qualification and is characterized by the 

systematic documentation of equipment performance capability and their components that are, so called, 

classified items of the plant safety-related systems. The equipment must be qualified for all postulated 

conditions arising from long-term operation, as well as required assessment for conditions under severe 

accident regime. Such conditions include effects of degradation due environmental conditions (temperature, 

humidity, radiation, etc.) inflict equipment parts made of non-metallic materials. As a typical example of the 

relevant representatives of such elements are cable systems. 

Newly published a series of standards IEC / IEEE 62582 reflects the requirement of the introduction of 

condition monitoring, which implies of updated standards IEC 60780 (IEEE Std 323-2004) and to efficiently 

extend the equipment qualified life, generally limited in active equipment of safety-related systems, exactly 

for non-metallic materials. Condition monitoring presents a feasible method of continuous monitoring of 

aging indicators and subsequent extrapolation and determination of qualified life, respectively its continuous 

extension. 

We start to use the method for evaluation of mechanical properties and behaviour of surface of polymer 

materials on the base experiences with evaluation of systems thin film - substrate. The thin films are created 

file:///C:/Users/konference/AppData/Local/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/GMU9LUE7/ivo.stepanek@volny.cz
file:///C:/Users/konference/AppData/Local/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/GMU9LUE7/Marek.Tengler@rizzoassoc.cz
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by deposition process as controlled process of its creation by deposition parameters. The thin films are 

created by modification process, too with controlled the parameters of these technology processes. The thin 

films are created as single, multilayers, gradient and so on. The degradation processes create thin films, too 

on surface or as modification to the depth of material systems from surface. This kind of thin film - substrate 

systems are multilayer systems or gradient systems. The control of process of degradation is possible by 

sensitive analytical methods as nanoindentation with different maximal load of indentation and different 

modes of measurement. Different analytical methods were optimized during solution goals correlation 

between deposition parameters and properties and behaviour of systems thin film - substrate [1] and solution 

of goals to optimize analytical methods for possibility evaluation of systems thin film - substrate with very 

different resistivity, hardness, thickness, substrate [2] and so on. These experiences are used for 

optimisation analytical methods for evaluation of surfaces after corrosive and temperature degradation 

processes.    

2. NANOINDENTATION MEASUREMENT OF POLYMER MATERIALS 

At the first there are realised the basic evaluation of properties and behaviour of different type of polymer 

materials by nanoindentation. The standard measured mode of nanoindentation was used with setting 

different maximal value of load. The indentation curves measured during loading, time delay in maximal load 

and during unloading show much more elastic deformation then plastic deformation on sample with number 

1. Only nanoindentation method of indentation measurement of hardness has possibility to evaluate 

materials with marked elastic deformation. The limit of maximal indentation depth on this equipment is about 

20 microns. This maximal depth is sufficient for our results. The maximal load must be reduced from this 

point of view. The properties and behaviour can be different in different depth from the point of view natural 

ageing of polymer materials and from the point of view producing of polymer materials, too. Indentation with 

different value of load brings information about properties and behaviour from different depth under surface 

of this material systems (Fig. 1 and Fig. 2).  

a)  
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b)  

Fig. 1 Indentation curves measured on surface of polymer material of sample number 2 with comparable 

elastic and plastic deformation parts 

 

a)  
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b)  

Fig. 2 Indentation curves measured on surface of polymer material of sample number 1 with higher elastic 

deformation part 

 

3. CYCLIC NANOINDENTATION MEASUREMENT OF POLYMER MATERIALS 

The cyclic nanoindentation bring much more information about behaviour of surface of polymer materials 

because during indentation step by step increase maximal load during several indentation tests with 

evaluation depth during loading, time delay in maximal load and during unloading. Step by step increasing 

depth in maximal load bring information from different depth from surface about changing of elastic and 

plastic deformation, changing of hardness in different depth and hardening of surface layers of polymer 

materials during indentation process of stress. Here is possible to evaluate natural ageing created from time 

of production polymer material to the time of evaluation properties and behaviour by nanoindentation. These 

measurement give a start point for evaluation of changing after non-natural ageing created by temperature 

heating in long time. The measurement was created with using different value of final maximal load in the 

end of all cyclic measurement (Fig. 3 and Fig. 4). This setting increase information from large interval of 

depth under surface of polymer material systems and increase sensitivity in small depth under surface of 

polymer materials, too.  
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a)  

b)  

Fig. 3 Cyclic indentation curves measured on surface of polymer material sample 1 
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a)  

b)  

Fig. 4 Cyclic indentation curves measured on surface of polymer material sample 2 

4. EVALUATION OF CHEMICAL COMPOSITION OF POLYMER MATERIALS 

Surface sensitive method for evaluation of changing chemical properties is x-ray fluorescent method. This 

method gives the possibility to evaluate changing of chemical composition from relatively small and relatively 
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large depth for evaluation properties and behaviour in degraded surface layers by corrosive stress, 

temperature stress therefore ageing process during temperature heating in long time, too. There is very 

important at the first to analyse starting point of chemical composition before ageing process (Fig. 5).  

The polymer materials are namely amorphous and x-ray fluorescent spectrums are very complicated but for 

evaluation changing in composition it is sufficient. The polymer materials have different additives and from 

evaluation of amount of these additives give good possibility for evaluation its changing.  

a)  

b)  

Fig. 5 X-ray fluorescent spectrum on sample 1 and sample 2 of polymer material 
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5. ANALYSIS OF POLYMER MATERIALS AFTER AGEING PROCESS 

a)  

b)  

Fig. 6 X-ray fluorescent spectrums on sample 1 and sample 2 of polymer material before and after ageing 

process of temperature stress 

The changing of chemical composition after temperature ageing was tryed to evaluate by x-ray fluorescent 

method. Here are three possibilities - analyse chemical composition after calibration for analysis chemical 
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composition, analyse thickness of thin films on surface of basic material and analyse x-ray fluorescent 

spectrum. Evaluation after calibration for analysis of chemical composition is not possible to use, because 

we do not have standards for this analysis for evaluation of polymer materials. Evaluation after calibration on 

analysis of thickness of thin films created by degradation process is not possible to use, too, because there 

is not contrast in chemical composition of degraded surface layers of polymer materials and basic state of 

polymer material under degraded layers. The analysis of changing of x -ray fluorescent spectrum gives 

acceptable possibility to evaluate changing after temperature ageing process. The standard measurement 

give spectrum with high noise. There was realised changing of measured parameters and setting of 

equipment for decreasing noise and get more precise spectrums Fig. 6.  

6. CHANGING OF MECHANICAL BEHAVIOUR 

The samples of polymer materials were measured by nanoindentation after ageing process. At the first the 

same value of maximal load was used for measurement samples of polymer materials after temperature 

ageing process for possibilities comparing mechanical behaviour before and after temperature ageing 

process of degradation. At the second large value of maximal load was used for evaluation changing 

properties to maximal depth under surface, which enable nanoindentation measurement (Fig. 7 - Fig. 9). It is 

about 20 microns to the depth under surface of polymer materials, but measurement is influenced from 

higher depth.  

a)  
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b)  

Fig. 7 Indentation curves measured on polymer material - sample 1 after ageing. 

a)  
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b)  

Fig. 8 Indentation curves measured on polymer material - sample 2 after ageing. 

 

Fig. 9 Indentation curve measured on polymer material - sample 2 after ageing. 
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The samples of polymer materials were measured in the other step by cyclic nanoindentation after 

temperature ageing process of degradation. At the first the measurement from point of view good 

comparison between before and after degradation process was realised with the same value of maximal 

load. At the second the measurement was realised with value of maximal load from point of view to get 

information about changing mechanical behaviour in the large depth under surface of polymer materials (Fig. 

10 - Fig. 13).  

a)  

b)  

Fig. 10 Cyclic indentation curve measured on polymer material - sample 1 after ageing. 
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a)  

b)  

Fig. 11 Cyclic indentation curve measured on polymer material - sample 1 after ageing. 
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a)  

b)  

Fig. 12 Cyclic indentation curve measured on polymer material - sample 2 after ageing 
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Fig. 13 Cyclic indentation curve measured on polymer material - sample 2 after ageing. 

7. CONCLUSION 

The optimisation of measurement of mechanical properties and behaviour of polymer materials from point of 

view its large elastic deformation was realised by nanoindentation in mode for measurement indentation 

curves during all indentation process loading to maximal load, time delay in maximal load and unloading. 

Here is possible to analyse changing of rate of elastic and plastic deformation before and after temperature 

ageing process of degradation. The much more information is given by measurement not only simple 

indentation curves but by using mode for measurement by cyclic nanoindentation method with step by step 

increasing maximal load in each cycle of measurement. There was optimised measurement by x-ray 

fluorescent method for possibility to measure these kind of polymer materials.  

The x-ray spectrums measured before and after temperature ageing process give possibility evaluate 

changing of chemical composition created by ageing process of temperature degradation. The results show, 

what the polymer materials 2 change rapidly chemical composition on the surface of polymer material during 

temperature ageing process. The polymer materials 1 not show marked changing in composition measured 

on surface of polymer material before and after temperature ageing process.  

The nanoindentation curves single and cyclic measured before and after ageing process give possibility 

evaluate changing of mechanical properties and behaviour more sensitive which are created by temperature 

ageing process of degradation. The nanoindentation has presumption for control process of degradation for 

evaluation of changing of mechanical properties and behaviour and prediction of changing after evaluation in 

different steps of degradation process. The polymer materials - sample 2 has marked changing of behaviour 

during indentation process. The elastic deformaton is decreased and hardness of polymer materials on 

surface increase. The polymer materials - sample 1 not change properties significantly.  
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Abstract 

Laser hardening is one of the most common laser applications. The standard “wide-spot” method uses a 

direct diode laser with a large spot which moves evenly along a treated area. The scanning method uses a 

small laser spot in combination with a laser scanning head, which allows very fast laser spot displacements. 

This technique is based on very fast laser beam sweeping which is perpendicular to main laser treatment 

trajectory. The fast sweeping beam acts like a continuous wide laser spot. These two laser hardening 

techniques are described and compared in this contribution. Experimental procedures and results examples 

are introduced. HPDD (High Power Direct Diode) laser with spot dimensions 6 x 12 mm was used for wide-

spot hardening and a solid state disc laser with spot diameter 800 μm and laser scanning head allowing spot 

displacement speed up to 21.5 m/s were used for scanning method hardening. Results comparison and 

main advantages or drawbacks of both the methods are discussed in this contribution. 

Keywords: laser hardening, laser quenching, steels, laser scanning, surface treatment 

1. INTRODUCTION 

Laser usage in commercial applications rises thanks to increasing efficiency and decreasing cost of laser 

systems. Laser hardening [2,3,4] has proved to be a very competitive method of material processing. It 

differs significantly from the conventional methods of heat treatment, where the absence of a cooling 

medium matters. Laser radiation acts as a heat source and it heats up rapidly the surface of the workpiece 

under the laser spot during a short time of the laser-surface interaction. Consequently, the heat is conduced 

immediately into a material bulk. The workpiece can be hardened by the laser radiation only in a surface 

layer, approximately to one tenth of its thickness (depth of material under the laser track) and can reach very 

high hardness due to a very rapid heat dissipation. The maximum achievable depth of hardening is about 2 

mm without melting of the surface layer (depending on a treated material, geometry of the workpiece and 

laser beam parameters). The main advantage of laser hardening is its speed, possibility of precise control of 

the entire process (e.g. according the surface temperature), high selectivity (only selected areas can be 

hardened, minimal heat impact against the workpiece), minimal distortion and thermal influence of the 

hardened part, the possibility of processing of hardly reachable places of the treated workpiece, "pure" 

operation (processing possible in any atmosphere, oxidation is always at an acceptable level - in comparison 

with other methods). Tracks must be placed side by side during hardening of the large components. A 

slightly tempered region with decreased hardness occurs at the point of tracks overlaps in this case. It can 

be complication if the processed part operates under dynamic stress. Any conventionally hardenable 

material can be laser hardened, but excellent results can be achieved only for proper materials, which are 

suitable for this type of processing. Since laser hardening is a very fast process it is important to choose 

material which can achieve sufficient homogenization of austenite during very short time period, preferably 

fine-grained materials with graphite in the form of flakes (higher rate surface/volume). Grain size of the 

processed materials can be affected substantially by the appropriate choice of previous treatment. Best 

results are achieved with annealed parts. The process proceeds very quickly, so there is no excessive grain 

coarsening. Advantage of laser hardening process is the possibility of selective processing of geometrically 

complicated components and it is well suited for small series because of easily programmable process. 

mailto:maslej@ntc.zcu.cz
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Because the surface layer only is hardened, the advantage of increased resistance to surface abrasion is 

obtained while a flexible core is maintained. This is used especially for holders of machine tools, mechanical 

components, molds, matrices, bearings housings, pins, rollers, clamping tools, shafts, gears, hinges, pins, 

nuts, etc. 

Lasers [1] with wavelengths of 800-1064 nm are used for laser hardening due to their very good absorption 

by metallic materials. There is not a need for a high quality beam therefore diode lasers with high efficiency 

(up to 50 % today) and power output of several kW are used. The value of the applied power always 

depends on the beam profile (geometry). Spot size is normally from tenths to thousands of square 

millimeters. The laser spot [5] of rectangular shape (power distribution should be constant in at least one 

axis) is used most often. If a constant temperature distribution across the width of the track is needed, the 

laser beam in the shape of inverse gauss is applied. Such a beam profile can be achieved by use of special 

optical components (e.g. πShaper). 

Laser hardening with scanner [6] is a new method of laser processing, which is especially useful for 

processing of small parts or hardly reachable places. Gaussian spot profile [7] with smaller size (hundreds of 

micrometers, maximally several millimeters) in focus is used in comparison with the standard laser 

hardening. It allows higher control over the process. Hardened area is heated rapidly by quick scanning of 

the laser beam. Even very complex regions (of limited size) can be processed as a whole piece. Gaussian 

beam profile is scanned perpendicularly to the direction of motion. It is necessary to choose the right 

amplitude, oscillation frequency and traverse speed. Burns occur at the edges of the processed area 

(oscillation amplitude peaks) due to the limited dynamic of the scanning optics. The burns can be eliminated 

by switching off the laser on the edges. 

The two different methods for laser surface hardening are presented in this contribution. The aim of the work 

is finding suitable process parameters, comparing the final properties of hardened surfaces and presenting 

the main possibilities, advantages and disadvantages of both the methods. 

2. EXPERIMENTAL PROCEDURE 

2.1 Standard laser hardening system 

The diode laser Coherent Highlight ISL-4000L mounted on the robot Fanuc M-710iC was applied for the 

standard heat treatment (Fig. 1). Laser diodes emit a beam of wavelength 808 nm. Maximum laser power is 

4.3 kW. Laser spot is shaped by output optics into a rectangular profile and the dimension of the spot is 12 x 

6 mm. The working distance of the processing optics is 90 mm. Fanuc industrial manipulator allows motion in 

6-axis. Rotary positioner is integrated in the system for the processing of rotational parts. The devices form 

together a highly versatile system for processing of a wide range of various workpieces. 

2.2 Experimental - standard laser hardening procedure 

Three sets of parameters were used to demonstrate the capabilities of the Coherent laser hardening system. 

Samples with dimensions of 100 x 50 x 25 mm from steel grade ČSN 12050 were selected for the 

experiment. The first sample was processed with power of about 1 kW and low traverse speed of the laser 

beam over the surface. The laser beam created three 10 mm wide traces with a slight overlap (about 2 mm) 

on the sample surface. The second and third samples were processed with severalfold higher traverse 

speed. The power of 3.3 kW was used for the treatment of the second sample and the maximum power of 

4.3 kW was applied for the third sample. 
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Fig. 1 The device for standard (left) and scanning (right) laser hardening 

2.3 Scanning laser hardening system 

For the scanning laser hardening it is necessary to use a scanning head, which sweeps the laser beam over 

the treated surface. Trumpf disk laser Trudisk 8002 and 3D-scan system ScanLab intelliWELD 30 FC V 

(scan head) were integrated and create a system for surface heat treatment (Fig. 1). The laser emits a beam 

with a wavelength of 1030 nm. Spot size of 800 um was used for the first application tests. Maximum laser 

power is 5.3 kW. Working distance of the scanning optics is 544 mm and the focal length is 460 mm. The 

scan head is able to process an elliptical image field of dimensions 385 x 270 mm the maximum laser beam 

movement speed - 21.5 m/s. Movement in z axis is allowed in range of ± 70 mm. The scan head is controlled 

by SAMLight software. 

2.4 Experimental - scanning laser hardening procedure 

The processing procedure was based on a low speed laser beam movement in x axis (laser hardening 

progress axis) and high speed oscillations in y axis (perpendicularly to the direction of the laser hardening 

progress). The method was tested using parameters in Table 1. The amplitude from 1 to 8 mm and the 

oscillating frequency from 300 to 1000 Hz were the most suitable for testing. The power of 300 W was 

sufficient for the set of parameters. These procedures brought very similar results at those for conventional 

“wide beam” laser hardening. The highest measured hardness was about 550 HV. The method tests were 

performed on RobotSyncUnit software. 

Table 1 Scanning laser hardening - testing process parameters 

Test 

no. 

Power 

[W] 

Wobbling 

frequency[Hz] 

Surface hardness 

[HV5] 

Track width 

[mm] 

1M 200 300 400±21 2 

2M 300 500 550±29 4 

3M 300 700 520±18 6 

The applicability of the scanning method had been verified after the method tests. The scan head was 

coupled with scanning control software SAMLight. This software allows adjustment of the shape of the 

processed area and a type of hatch selecting. Two different procedures were used. The first procedure -

a shape and a size of the processing area were selected, and then the area was hatched with the laser 

beam (Table 2). The second procedure - a trajectory of a random shape was chosen and the process was 
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performed by scanning the circle contour and moving over the trajectory with a set speed (Table 3). Tests 

were demonstrated on sample with dimensions of 100 x 50 x 25 mm from steel ČSN 12050. 

Table 2 Scanning laser hardening - hatching of square pattern 

Test 
no. 

Power 
[W] 

Dimension A 
[mm] 

Dimension B 
[mm] 

Process 
time [s] 

Specific 
energy 
[J/mm2] 

Surface 
hardness 

[HV5] 

1 1000 10 10 4.3 21.7 663±14 

2 1000 10 10 3.2 15.9 710±13 

3 1000 10 10 2.8 14.1 684±18 

4 1000 10 10 2.3 11.5 658±11 

5 500 10 10 4.3 11.5 598±15 

6 500 10 10 14.8 39.3 497±19 

7 500 10 10 3.2 8.4 625±18 

Table 3 Scanning laser hardening - moving of circle pattern 

Test 
no. 

Power 
[W] 

Length of 
trajectory 

[mm] 

Circle 
diameter [mm] 

Process 
time [s] 

Specific 
energy 
[J/mm2] 

Surface 
hardness 

[HV5] 

8 1000 20 10 10.1 50.6 494±44 

9 1000 20 10 2.1 10.4 502±10 

10 1000 20 10 3.4 17.1 644±17 

11 1000 20 10 5.1 25.4 506±27 

12 500 20 10 5.1 13.4 328±4 

13 500 20 10 10.1 26.6 303±6 

3. RESULTS AND DISCUSSION 

3.1 Standard laser hardening procedure 

Surface hardness was measured on all processed samples (Table 4). Surface hardness was measured by 

method HV5 and individual samples differ significantly. Hardness about 492 HV was measured in the center 

of the trace on the 1S sample, 638 HV on the 2S and 675 HV on the 3S respectively. The hardness in traces 

overlap was significantly lower, about 400 HV. Processing of the 1S sample was too slow, therefore the 

sample warmed up to much and rapid “self-quenching” [8] couldn’t take place. The result of this structure is 

low hardness of processed surface area. Sample of dimensions as used in this experiment should be 

processed with a higher laser beam velocity. Metallographic analyses were realized for structure 

appreciation. Ferritic and martensitic “needle-like” structure of 2S sample is shown in the figure 3. 

Table 4 Standard hardening parameters 

Test 
no. 

Power 
[W] 

Beam profile 
width [mm] 

Process 
time [s] 

Specific 
energy 
[J/mm2] 

Surface 
hardness 

[HV5] 

Depth of 
hardened layer 

[um] 

1S 1100 12 160 50.1 492±14 250 

2S 3300 12 16 12.8 638±8 450 

3S 4300 12 11 10.1 675±13 400 
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Fig. 2 Ferritic structure (left), martensitic “needle-like“ structure (right) - Sample 2S (magnification bars are all 

100 um long) 

3.2 Scanning laser hardening procedure 

The scanning method is convenient especially for processing of complex workpieces. The scanner allows 

changing the width of the processed area easily during the process. The scanning software allows very 

precise control of energy distribution in the processing area and complex treating patterns can be produced. 

Processing time is for scanning method significantly shorter. Processing speed influences the depth of 

hardened layer. Spot size can be modified thanks to varioscan (z axis movement). The process of laser 

hardening can be easily controlled according a surface temperature. This value in conjunction with time 

period of maintaining the temperature is the main quality quantifier. The surface temperature can be 

controlled (or maintained) very precisely thanks to possibility of repeated scanning in a short period of time. 

The repeated scanning of the processed area results in better austenite homogenization because of longer 

time for austenitic transformation. Following results have been obtained in comparison of two scanning 

methods. First scanning method is based on hatching of a square contour. Measured surface hardness of 

hatched area is of a satisfying value and its distribution is very homogenous (Table 2). Second scanning 

method uses moving of the laser circle pattern over the treated surface. This procedure does not give so 

satisfying results. Surface hardness is lower and it isn´t distributed so uniformly (Table 3). 

4. SUMMARY 

The obtained results are of a similar quality respecting the surface hardness. Two different methods of laser 

hardening were presented on series of experiments. The standard method uses the high-power direct diode 

laser. The high process speed in combination with high laser power results in higher hardness of treated 

surface. This method is more favorable for processing of large plain areas but treating of small complex 

zones is very problematic. Creating of tempered zones in laser track overlaps is another disadvantage, 

which influences surface properties of processed area. 

Hardening of small complex trajectories is performed perfectly by the scanning method. The scanning 

method advantage compared to standard laser hardening is especially a very precise and easy control of 

beam guiding. The main advantage is that very complex areas can be processed as a whole piece without 

overlaps. Thus no tempered zones are produced. Width of laser beam can be modified by changing of 

scanning properties. It is a great advantage against our standard laser hardening system, which has 
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constant width of laser beam about 12 mm. We will focus on discovering of scanning system possibilities in 

the future. 

High power diode lasers are well-established for surface treatment. Purchase cost of diode lasers is 

significantly lower than cost of solid state lasers of similar power, which are mostly used for scanning 

applications. The purchase cost difference is adequate respecting the beam quality. However the 

comparison introduced in this contribution has shown that high-power solid-state lasers have advantages in 

some special applications. 
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Abstract 

In present work, the influence of isothermal heat treatment on structural changes of conventional thermal 

barrier coatings (TBCs) was studied. The CoNiCrAlY as metallic bond coat (BC) in thickness of 200 µm and 

8 wt. % yttria stabilized zirconia (YSZ) as ceramic top coat (TC) in thicknesses of 200, 500 and 1000 µm 

were produced by means of atmospheric plasma spraying (APS). These coatings were sprayed onto the 

surface of newly developed fine-grained cast polycrystalline nickel-based superalloy Inconel 713LC. As-

prepared samples were exposed to the temperature of 1050 °C for 10 - 200 hours in ambient atmosphere. In 

comparison with the initial state, where discontinual islands of alumina were found on the bond coat-top coat 

interface, the uniform and continuous oxide layer, also termed thermally grown oxide (TGO), was observed 

there after the isothermal heat treatment. The growth of TGO layer in dependence on dwell time was also 

found on the expense of depletion of aluminium from the bond coat. Structural changes of bond coat 

promoted by above mentioned mechanism and growth of TGO were evaluated by means of electron 

microscopy and image analysis techniques. 

Keywords: Thermal Barrier Coatings, Thermally Grown Oxide, Isothermal Heat Treatment, Atmospheric 

Plasma Spraying, CoNiCrAlY, Structural Stability  

1. INTRODUCTION 

Nickel-based superalloys were developed for high temperature applications mainly in aircraft and power 

industries. Degradation of extremely loaded components caused by high temperature oxidation is the most 

common cause of its failure. Thermal barrier coatings provide protection to the superalloys, because of they 

are not able to resist to extremely hard working conditions, including high temperature oxidation, temperature 

gradients, high pressures and multiaxial stresses [1, 2].      

Yttria stabilized zirconia top coatings have excellent thermal shock resistance in combination with low 

thermal conductivity, but with relatively high coefficient of thermal expansion. The metallic M-CrAlY bond 

coatings (M = Ni and/or Co) provide a rough surface for better mechanical bonding of the ceramic top coat 

and simultaneously protect superalloy substrates against high temperature oxidation and also compensate 

differences in coefficients of thermal expansion between top coat and substrate [3]. 

Under the high temperature exposure, and in contact with ambient atmosphere, on the metallic bond coating 

surface the continuous TGO layer between BC and TC interface is going to be formed. This TGO layer also 

serves as a diffusion barrier and protects the substrate alloy against oxidation. TGO is thermodynamically 

stable, slowly growing and adherent to the metallic BC. Generally consist of protective α-Al2O3, which inhibits 

an additional reaction with active oxygen ions and other species. On the other hand, the growth of this layer 

leads to reduction of Al activity in BC and other oxides, such as chromia (Cr,Al)2O3, Ni(Cr,Al)2O4 spinel and 

nickel oxide NiO, can be formed in APS produced TBC systems. This complex oxide can also disrupt the 

TBC durability, because of its relatively fast growth in thickness and related volume changes [4, 5]. 

mailto:jechdavid@gmail.com
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A ceramic top coat and a metallic bond coat can be deposited by several different techniques using plasma 

arc. Low pressure or vacuum plasma spraying (LPPS and VPS) has an advantage in minimized oxidation of 

particles during deposition. However, due to the comparatively high operating costs and time-consuming 

(associated with evacuating large production spray cells) is atmospheric plasma spraying technique 

predominantly used in coatings production [6].  

The composition and fine microstructure of TGO has a great influence on TBC durability and therefore the 

aim of this paper is focused on structural stability of atmospheric plasma sprayed CoNiCrAlY - ZrO2+Y2O3 

thermal barrier coatings after the isothermal exposure at 1050 °C for different dwell-times in ambient 

atmosphere. 

2. MATERIAL AND METHODS 

The conventional TBC system was prepared by atmospheric plasma spraying from commercially available 

powders CoNiCrAlY (GTV 60.95.1) and ZrO2+Y2O3 (GTV 40.23.1) which were purchased from company 

GTV GmbH. Nominal chemical composition and the average particle size guaranteed by the manufacturer 

are summarized in Table 1. 

Table 1 Nominal chemical composition (wt. %) and the average grain size of used powders [μm] 

Powder Average size Al Y Zr Cr Ni Co 

CoNiCrAlY 20 - 45 8.0 0.5 --- 21.0 32.0 bal. 

ZrO2+Y2O3 20 - 45 --- 8.0 bal. --- --- --- 

This type of functional graded coating system was deposited on specimens made of a newly developed fine-

grained cast polycrystalline nickel-based superalloy Inconel 713LC. Substrate´s surface was blasted by 

angular Al2O3 particles due to formation of mechanical interlocks which ensure better adhesion of metallic 

bond coat to the substrate surface. The metallic bond coat and ceramic top coat were produced by 

atmospheric plasma spraying in ambient atmosphere in cooperation with the S.A.M. - Metallizing company. 

The thickness of as-sprayed CoNiCrAlY bond coat for all specimens was about 200 μm. The ceramic top 

coat was sprayed in thicknesses of 200, 500 and 1000 μm. Structural stability of all systems was studied 

after isothermal annealing in Heraeus tubular furnace. Specimens were exposed to temperature of 1050 °C 

in ambient atmosphere with dwell ranging 10 - 200 hrs. Metallographic samples were made of deformation-

free cutting using the apparatus Akutom co. Struers. Subsequently were the samples grounded by 

sandpapers (from #120 up to #2000) under the intensive water cooling, polished by 3 μm and 1 μm diamond 

pastes and finally chemically polished using OPCHEM. Polishing dwell and pressing force were reduced to 

avoid the crack formations and minimize negligible enlargement of pores on less bonded regions/interfaces 

of the coating system. To microstructural studies were used the light microscope (LM) GX-51 co. Olympus 

and scanning electron microscope (SEM) Super Ultra 50 co. Zeiss equipped by energy dispersive 

microanalyzer (EDX). To BC and TC coatings thickness measurements was utilized the image analysis 

software StreamMotion co. Olympus. 

3. RESULTS A DISCUSSION 

The atmospheric plasma sprayed conventional ZrO2+Y2O3 - CoNiCrAlY thermal barrier coating system in 

initial state (Fig. 1) shows a typical inhomogeneity in microstructure which correspond to used APS 

technology. Yttria stabilized zirconia top coats are deposited continuously and locally irregularly in thickness, 

see Fig. 1a-c. As can be shown, these irregularities correspond to initial geometry of the underlying 

CoNiCrAlY bond coat [7]. In its microstructure is able to observe the number of microcracks (especially 

apparent in the case of thick 1000 μm top coat), cracks at the interfaces of individual splats and closed 

pores. The microstructure of CoNiCrAlY bond coat deposited onto the surface of newly developed fine-



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1017 

grained cast polycrystalline nickel-based superalloy Inconel 713LC substrate seems to be denser and more 

uniform as in a case of ceramic top coat. It could be related to the thermal expansion and toughness of these 

materials during rapid cooling [8]. The bond coat consists of remelted flattened particles, also termed 

“splats”, an adequate quantity of area porosity (approx. 8 %), small amount of unmelted particles and oxide 

scale formed in between of the splats, see Fig. 1d [2]. 

   
 

   
Fig. 1 Cross section micrographs of YSZ-CoNiCrAlY TBC system with thickness of ceramic top coat 

of (a) 200 m, (b) 500 m, (c) 1000 m (LM) and (d) detail of as-sprayed metallic bond coat and ceramic 

top coat interface (SEM) 

The as-sprayed state is characteristic by the number of segmented not uniform Al2O3 veins present within the 

bond coat and also on bond coat - top coat interface probably as a result of metallic powder oxidation during 

spraying (Fig. 1d) [9].  

In the TBC samples, after isothermal exposure at 1050 °C, continuous and uniform oxide layer 

predominantly consist of Al2O3 - thermally grown oxide, was formed along metallic bond coat and ceramic 

top coat, see Fig. 2. Microstructures of bond coat and top coat after 200 hrs of isothermal exposure result in 

no significantly changes compare with the bond coat and top coat microstructure after 10 hrs of isothermal 

exposure, but with except the thickness of growing TGO layer. The Figs. 2a and c clearly demonstrate the 

influence of isothermal exposure dwell on TGO growth in thickness.   
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Fig. 2 Detail micrographs of bond coat - top coat interface after isothermal exposure  

on (a) 1050 °C/ 10 hrs - top coat thickness of 200 µm, (b) 1050 °C/ 10 hrs - top coat  

thickness of 1000µm, (c) 1050°C/ 200 hrs - top coat thickness of 200 µm,  

(d) 1050 °C/ 200 hrs - top coat thickness of 1000 µm (SEM). 

Chemical composition of thermally grown oxide layer and adjacent complex oxide layer was studied at 

several locations as indicated by numbered white point at Fig. 3. Present phases were determined based on 

this analysis, known stochiometry of ceramic and intermetallic phases and previous results of study on short-

term structural stability of M-CrAlY coating systems [2, 8]. 

 

Fig. 3 Detail micrograph of BC-TC interface after 1050 °C/ 200 hrs - top coat thickness of 200 m (SEM); 

marked cross points demonstrate the places of performed EDX analyses 
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After isothermal exposure in air, an oxide layer, which contained 5,04 at% Ni, 10,02 at% Co, 11,59 at% Al, 

51,63 at% Cr, 0,71 at% Zr and with oxygen as the balance (Table 2), started to form along with TGO layer at 

the interface between the top coat and bond coat. The complex oxide layer is most probably formed from 

(Cr,Al)2O3 + (Co,Ni)(Cr,Al)2O4 [9, 10]. 

Table 2 Results from SEM/EDX analysis indicated in Fig. 3 

      

The TGO growth in thickness was measured on all samples using image analysis software and is plotted as 

a function of isothermal exposure dwell, see Fig. 4. Influence of different top coat thicknesses is 

predominantly apparent after 200 hrs isothermal exposure, when the thickness of TGO is lowest in the case 

of top coat thickness of 1000 µm (alumina TGO thickness is of 1,89 µm) in comparison with top coat 

thickness of 200 µm, where the alumina TGO thickness is of 2,42 µm. There is no clear explanation for this 

phenomenon and more measurements from different places on the samples must be performed. But it could 

also be noted that this effect based on the top coat thickness can be related with difference in thermal 

gradients, where lower temperature at BC-TC interface beneficially affecting slower alumina TGO scale 

formation [8]. Nevertheless after the 200 hrs of isothermal exposure on high temperature the existence of 

thermal gradient is not expected. 

 

Fig. 4 The thickness of alumina TGO layer as a function of isothermal exposure dwell 
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4. CONCLUSIONS 

Structural stability of atmospheric plasma sprayed CoNiCrAlY - ZrO2+Y2O3 thermal barrier coatings after the 

isothermal exposure at 1050 °C with different thicknesses of top coats were investigated. After 10 to 200 hrs 

dwell in ambient atmosphere and despite of ceramic top coat thicknesses was observed the formation of 

continuous and uniform thermally grown oxide layer. By means of electron microscopy was determined the 

chemical composition of TGO, where alumina layer adjacent to the bond coat and moreover another one 

complex oxide layer, predominantly composed of Cr, Al, Co and Ni was measured. The growth in thickness 

of alumina TGO layer, measured by image analysis, is strongly affected by the ceramic top coat thickness.  
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Abstract 

In the present study, powders produced from the volcanic basalt rocks was coated on AISi 1040 steel pre-

coated with Ni-5 %Al bond-coat by atmospheric plasma spray coating technique. The coated samples were 

heat-treated at 800C, 900C and 1000C for 1-4 h for crystallization. The phases formed in the basalt base 

glass ceramic coatings were augite, Fe-diopsite, anorthite and andesine which were detected by x-ray 

diffraction analysis. The crystallinity degree of the coating layers increased with increase in heat treatment 

time and temperature. X-ray diffraction intensities of all the phases formed in the coating layer increased with 

increase in treatment time at 800C and 900C, but increase in the heat treatment time of the heat treatment 

realized at 1000C resulted to increase of the intensity of augite and diopsite phases while decrease of the 

intensity of anorthite and andesin phases.  

Keywords: Basalt, Atmospheric plasma spray coating, Crystallization 

1. INTRODUCTION 

The basalt is a volcanic rock which is dark colored, small grain sized. Basalt covers more over than 2.5 

billion km2 of earth. Moreover, basalt fundamentally includes SiO2, Al2O3, MgO, CaO and iron oxides (FeO, 

Fe2O3) in addition contain Na2O, K2O, P2O5, MnO and TiO2 at small amount. Superior abrasion, wear and 

chemical resistant basalt-based glass-ceramics can be produced from the basalt [1,2]. Thermal spray 

coating application is one of the most important processes of surface engineering. In particular, ceramic 

coatings have been developed for use in stationary and aircraft gas turbine engines, thermal gradient 

structures, automotive engines, and cutting and grinding tools to protect surfaces from melting, wear, 

corrosion and oxidation. The application of coatings reduces the temperature of the metal components 

significantly in the service conditions and extends their lives. Because of the thermal expansion mismatch 

between the coating and substrate, cracking and coating spalling can occur under thermal and mechanical 

loading [3,4]. Natural rocks have an attractive ceramic material for using as coating materials for thermal 

barrier, wear resistant, corrosion resistant, high temperature application and bio materials coatings [5]. When 

the natural volcanic basalt rocks ground into powder form, it can be used as a plasma spray coating powder. 

Glassy basalt coatings in amorphous phase can be transformed to glass-ceramic form with suitable heat 

treatment [6,7]. The natural rocks attend to glass formation during the plasma spray coating because of their 

too high application temperature. The plasma-spraying is probably the fittest to spray glass powders or 

ceramic powders being glass in the process. However, plasma-spraying has seldom been tested with 

glasses, except for a few cases, especially in the biomedical field. Recently, further studies on plasma 

sprayed glasses have been performed from the point of view of the mechanical properties, both in composite 

coatings with alumina or SiC as reinforcement and as glaze substitutes on the substrates [1,8].  

As is well known glass have amorphous state and its mechanical properties was limited. These properties 

progression was provided by the crystallization process from glass to glass-ceramic transformation. Glass-

ceramic was preferred not only mechanical properties but also many applications such as thermal, chemical, 

biological and dielectric. This system allows manipulating their properties, such as transparency, strength, 

mailto:gunhanb@sakarya.edu.tr
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resistance of abrasion, low coefficient of thermal expansion through the control of the composition extent of 

crystallization, crystal morphology, crystal size and nucleation agent effect [9,10].  

The main goal of the study was to investigate the effects of the heat treatment parameters on the phases 

formed and crystallinity degree of the basalt base glass coatings without any nucleation agent coated by 

using an atmospheric plasma spray coating.  

2. EXPERIMENTAL PROCEDURE 

In the present study, basalt rock was obtained from Konya region of the Anatolia. This rock was grounded 

and sieved to be between 53 and 45 μm for plasma spray coating. Chemical analysis was realized 

quantitatively using with a Perkin-Elmer 2300 atomic absorption spectroscopy. The chemical composition of 

the basalt and AISi 1040 substrate used in the study are given in Table 1.  

Table 1 Chemical composition of the basalt (wt. %)  

SiO2 Al2O3 Fe2O3 CaO  MgO  K2O  Na2O  P2O5 K.K.  

45,88 18,2 9,95 9,28 6,62 1,64 4,76 1,04 2,63 

The steel substrate was machined to the 5 mm in height and 20 mm in diameter and prepared 

metallographically by polishing with 1000 grid Emery paper at the final stage. These samples were sand 

blasted with 35 grid alumina before bond coat application by plasma spray coating process. Then, these 

samples were cleaned ultrasonically in ethyl alcohol and acetone for 15 min and dried. Ni-5wt % Al (Metco-

450 NS) bond coat was applied on the steel samples and then, basalt powders were coated on Plasma-

spray coatings were realized at the Plasma spray coating laboratory Centre of Sakarya University of Turkey 

using APS (Atmospheric Plasma Spray) system equipped with a 3MB torch.  

Differential thermal analyzer (DTA) test was conducted on the coated samples for determining the 

crystallization temperature at 10 °C/min heating rate in open atmosphere up to 1100 °C temperature by TA 

Instrument 2010 thermo analyzer. According to the result of DTA analysis, crystallization heat treatment 

temperatures were determined as 800°C, 900°C and 1000 °C for 1-4 h to promote the crystallization in argon 

atmosphere in the Protherm tube furnace. 

Metallographic cross-section was prepared to observe morphological details using Jeol Scanning electron 

microscope (SEM). X-ray diffraction analysis (XRD) was realized using by a Rigaku type diffractometer with 

Cu Kα radiation, which has a wave length of 1.54056 °A to identify amorphous or crystalline structure in the 

basalt coatings. Moreover XRD analyses were used to identify the phases formed in the glass-ceramic 

coating after controlled crystallization heat treatment. Phase analysis was realized by using MDI Jade 7.0 

software. 

The crystallinity degree of the basalt base glass-ceramic coatings was calculated using Equation 1 [11-13].  

t

c

c
I

I
KX .

                                                                (1) 

Where, Xc, crystallinity degree, K is a constant, Ic, crystalline phases peaks area of the x-ray diffraction 

pattern, and It is the total area took place in the XRD pattern. 

3. RESULT AND DISCUSSION 

The cross-sectional microstructure of the basalt coating realized by APS coating technique was shown in 

Fig. 2. As shown from this figure that the coating layer includes three distinct regions which are (i) Basalt 

glass coating on the top layer of the coated samples, (ii) bond coat between the basalt coated layer and (iii) 
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steel matrix. Because of the mismatch between 

coating layer and underlying substrate cause to 

cracking, spalling and delamination on the coated 

materials and these affect negatively it [4]. At the 

present study, a quite uniform and compact coating 

was obtained (Fig. 2). However, basalt coating layer 

contains some inhomogeneity including porosity, 

crack-like flaws and few semi-melted particles which 

are the characteristics of the plasma spray coatings 

[14-16]. The average thickness of the bond coat and 

basalt-base glass coating layer measured as 45 μm 

and 195μm, respectively. 

XRD pattern of the basalt base coating as-coat is 

given in Fig. 3. XRD pattern shows that the basalt 

coating was amorphous and includes some small 

crystalline phase’s peaks resulted from un-melted 

particles in the coating layer. In the literature, plasma spray coating structure was formed from splat structure 

and additional some porosity with together un-melted particles [4,14-16]. As known that, amorphous glass 

structure is necessary for the glass-ceramic production prior to crystallization heat treatment [17]. 

 
 

Fig. 2 XRD pattern of Coating layer Fig. 3 DTA curves of plasma spray coated basalt-

based glasses with 10 °C/min heat rate 
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Fig. 4 Basalt based glass-ceramic coating’s XRD analysis subjected to controlled crystallization heat 

treatment (a) 800°C. (b) 900°C. (c) 1000°C 

Fig. 1 The macrograph of basalt based coating 

produced by APS coating technique 
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DTA curve with 10 °C/min scanning heat rate is given in Fig. 4. DTA was performed on the glassy structure 

coating layer to determine the crystallization temperature. DTA curve of the coated basalt glass displays a 

small endothermic dip around 803 °C (the glass transition temperature, Tg) and exothermic peak at 867 °C 

indicating the crystallization. The appearance of two crystallization peaks on the DTA curves implies that at 

least two different crystal phases are formed during the heat treatment. This was also confirmed by XRD 

results (Figs. 5-7). The crystallization temperatures used in the experimental procedure were performed by 

DTA results. Crystallization heat treatment were realized at 800°C, 900°C and 1000°C for 1-4h in the argon 

atmosphere in the tube furnace. XRD analyses of the heat treated samples are shown in Fig 5. 

As shown from XRD patterns that the phases formed in the basalt base glass-ceramic coatings are augite 

[(CaFeMg)SiO3], Fe-diopside [Ca0.991(Mg0.641 Fe0.342)(Si1.6Fe0.417)O6], anorthite [Ca(Al2Si2O8)] and andesine 

[(Ca0.38Na0.62)(Al1.38Si2.62O8)]. The results detected from the XRD patterns agree with the literature realized on 

the basalt base glass-ceramics [1,2,6-10]. The peak intensities of the XRD patterns increase with increase in 

treatment temperature and time up to 1000°C for 2h for all phases. In addition, gaps took place in the XRD 

pattern which demonstrates the amorphous structure in the coating layer was getting decrease with increase 

in crystallization temperature and time, too. In case, the higher the treatment temperature, the longer the 

treatment time resulted to the higher the crystalline phase formation. Over the treatment time 2h at 1000°C 

resulted to decrease the anorthite and andesine phase’s peaks intensities but increase to augite and Fe-

diopsite phase peaks intensities (see, Fig. 5c). It is possible that the increase in the crystallization 

temperature and time cause to increase/decrease some phases against the other to get the steady state 

structure for the conditions of the heat treatment process. 

Treatment time, h

1 2 3 4

C
ry

s
ta

lli
n
it
y
, 

%

30

40

50

60

70

80

90

100

110

800
o
C

900
o
C

1000
o
C

 

90
90

90

90

90

80
80

80

80

70

70

70

70

60

60

60

50

50

40

Treatment time, h

1.0 1.5 2.0 2.5 3.0 3.5 4.0

C
ry

st
a

lli
za

ti
o

n
 t

e
m

p
e

ra
tu

re
, 

°C

800

850

900

950

1000

Crystallinity%

 
(a) (b) 

Fig. 5 The degree of crystallinity (a) and their Contour Diagram (b) of basalt base glass coating 

depending on crystallization heat treatment time and temperature 

In the present study, the crystallinity degrees of the basalt base glass ceramics produced by APS technique 

are changing between 36 % and 97 % depending on heat treatment temperature and time. As seen in Fig. 8, 

the higher the treatment temperature, the longer the treatment time resulted to increase in the crystallinity 

degree of the glass coatings. Furthermore, a contour diagram (Fig. 8b) derived from Fig. 8a by means of 

SigmaPlot 11.0 software is to show the process parameters (treatment time and temperature) for 

predetermined crystallization degree. It is possible to predict the crystallinity degree of the basalt base glass 

coating depending on the process time and temperature from the Contour diagram, see Fig. 8. (b). Contour 

diagram of crystallinity degree can be used for two purposes which are: (i) to predict the crystallinity degree 

with respect to the process parameters, namely time and temperature; (ii) to determine the value of process 
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time and temperature for obtaining crystallinity degree. While 12.5 % increase in the heat treatment 

temperature according to 800°C for 1, 2, 3 and 4 h caused to 133.4 %, 106.1 %, 64.6 % and 34.2 % increase 

in the crystallinity degree, 25 % increase in the heat treatment temperature resulted to 152.6 %, 118.6 %, 

71.1 % and 43.1 % increase in the crystallinity degree, respectively. 300 % increase in crystallization 

treatment time according to 1h for 800°C, 900°C and 1000°C resulted to increase in crystallinity degree of 

90.08 %, 9.28 % and 7.69 %, respectively. 

According to the results, heat treatment temperature increases have a dominant effect on the crystallinity 

degree for short duration heat treatment application. The results close up to each other increase in the 

treatment time in the crystallization heat treatment. In general the degree of crystallinity in the glass-ceramics 

increases with increasing heat treatment temperature and time [18-21]. 

CONCLUSIONS 

The following results can be drawn from present study: 

1) Basalt-based glass-ceramic coating includes three distinct regions which are: (i) the basalt coating 

layer on the surface of bond coated samples; (ii) bond coat between the basalt coating layer and (iii) 

steel matrix. 

2) Basalt coating formed on the steel substrate by using plasma spray coating technique was amorphous 

and includes some trace crystalline phases. 

3) Crystallization temperature of basalt base coating was determined as 800 °C, 900°C and 1000°C 

according to DTA results. 

4) It was found that the main crystalline phases formed on the heat treated coating layers were augite, 

Fe-diopside and Anorthite and Andesine. 

5) The peak intensities of the XRD patterns increased with increase in treatment temperature and times 

up to 1000°C for 2h for all phases. The gaps took place in the XRD pattern which demonstrates the 

amorphous structure in the coating layer was getting decrease with increase in crystallization 

temperature and time. Over the treatment time 2h at 1000°C resulted to decrease the anorthite and 

andesine phase’s peaks intensities, while the increase to augite and Fe-diopsite phase peaks 

intensities. 
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Abstract 

During the last decade, high velocity oxy-fuel (HVOF) thermal sprayed coatings play an important role in 

industrial applications where exceptional friction, wear and corrosion resistance are required. The properties 

of HVOF coatings are highly dependent on a number of parameters including the preparation of the part 

surface, composition, morphology, size distribution and feed rate, the precise control of gas flow, stand-off 

angle of deposition and part temperature. 

Ensuring appropriate functional properties of HVOF coatings requires a good compatibility with the substrate 

material. The optimal selection of the coating material takes into consideration the metallurgical, mechanical 

and process technology compatibility. The mechanical properties of coatings must match the substrate. From 

this point of view, maintaining a high corrosion resistance is mainly conditioned by achieving a good 

adhesion and a microstructure free of internal cracks or other defects. This paper aims to characterize the 

adhesion and scratch resistance using Millennium200 - Technical Tribo equipment of Ti layer deposited on 

C45 steel by means of HVOF technique.  

Keywords: titanium, coatings, microstructure, corrosion tests 

1. INTRODUCTION  

Thermal spraying processes are used in many industrial areas due to the wide range of materials which can 

be used and to the properties provided to the components, especially high wear and corrosion resistance [1].  

Adhesion is one of the most important factors that determine the coatings application, durability and 

exploitation properties. The adhesion of coatings depends on the spraying method and parameters, 

materials, residual stresses of the coatings and the roughness of the substrate. If adhesion of the coatings is 

not sufficient, the coatings may exfoliate during exploitation, which can lead to the pieces failure. It is 

important that thermally sprayed coatings should be hard, resistant to wear or corrosive environment [5], [6]. 

In order to evaluate the adhesion of thermal spray coatings and to determine the influence of substrate 

roughness upon adhesion, different methods have been proposed in the literature [5]. Scratch test is one of 

widely used, fast, and effective methods to obtain the critical loads that are related to adhesion properties of 

coatings. This test is performed by applying either a progressive (linearly increasing) or constant load [2]. A 

stylus is moved over a specimen surface with a linearly increasing load until failure occurs at critical loads 

(Lci). The normal force (Fz) and tangential force (Fx) are recorded also during the tests. The failure 

mechanisms are examined by an optical microscope. Acoustic Emission (AE) is also measured during the 

test. Lci is a function of coating-substrate adhesion, stylus-tip radius, loading rate, mechanical properties of 

substrate and coating, coating thickness, internal stress in coating, flaw size distribution at substrate-coating 

interface, and friction between stylus-tip and coating. The critical load Lci is defined as the load at which the 

failure of the coating occurs. This load is related to the practical adhesion strength and the damage 

resistance of the coating/substrate system [4]. 

The scratch test procedures are described in the national/international standards, which are usually enforced 

mailto:cuteansimona@yahoo.com
mailto:ion.mitelea@mec.upt.ro
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also in the European, American, Japanese or other national standards [2]. The standards are designed for a 

wide range of different coating materials.  

2. EXPERIMENTAL PROCEDURE 

2.1. Preparation of samples 

For the experimental program, α-Ti commercial pure titanium powder was used with the dimension of the 

particles ranging between 15 and 25 μm, and as substrate it was used C45 non-alloyed steel. The deposition 

of α-Ti coatings was realized using HVOF thermal spraying equipment together with ID CoolFlow thermal 

spray gun from endowment of Politehnica University of Timisoara. Prior to the deposition, the samples were 

degreased and blasted with electrocorindum with the dimension of the particles of 1 mm, at a pressure of 5 

bars and a blasting distance of 50-60 mm. After blasting, the samples were cleaned with alcohol. The 

deposition parameters of the HVOF process are presented in Table 1 [1]. 

Table 1 HVOF deposition parameters [1] 

Oxygen 

[l/min] 

Hydrogen 

[l/min] 

Kerosene 

[l/h] 

Transport gas 

[l/min] 

Deposition rate 

[g/min] 

300 70 2,6 15 15 

For combustion was used kerosene, at a rate of 2.6 

l/h, and as powder carrier gas nitrogen with a flow of 

15 l/min. The spraying distance was kept constant 

at the value of 85 mm perpendicularly to the 

samples surface. The thickness of deposited layers 

are 60 μm and 120 μm respectively [1].  

Fig. 1 presents the scanning electron microscope 

analysis of the titanium layers deposited by HVOF 

thermal spraying method. 

After the scanning electron microscopy analysis it 

can be observed that the deposited layers by HVOF 

method does not present defects such as cracks or 

microcracks. Due to relatively low temperatures of 

HVOF method (≈ 2800°C), the particles reaches in 

plastic state and due to high speeds of the gas stream during the spraying process the coatings are dense 

and compact, without cracks. 

2.2. Scratch test investigation 

The process of scratching was 

realized in a controlled and 

monitored manner to observe 

adhesive or cohesive failures. In 

this study, the Millennium200 - 

Tribo Technic Rockwell C 

equipment was used to 

determine the load which causes 

the failure of Ti coatings. A 0.2 

mm spherical 

Fig. 1 SEM analysis of titanium coating (cross-

section) 

Fig. 2 Principle of scratch testing [5] 
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diamond stylus was used at progressive load ranging from 0 N to 125 N and from 0 to 200 N respectively. 

The points where the coating fails by cracking represents the critical failure loads. Fig. 2 presents the 

principle of scratch testing [5]. 

The scratch test gives very reproducible data that can be used to compare the behavior of various coatings. 

The critical loads depend on the mechanical strength (adhesion, cohesion) of the coating-substrate 

composite but also on several other parameters; some of them are directly related to the test itself, while 

others are related to the coating-substrate system. At high load regimes, the damages usually appear from 

coating detachment from the substrate either by spalling, buckling or chipping, as presented in Fig. 3 [3]. Ti 

coatings adhesion was investigated also by optical microscopy.  

 

 

3. RESULTS AND DISCUSSION 

The coating failure is detected by examination the scratch tracks using an optical microscope. The scratch 

stylus is usually a Rockwell C diamond with 1200 tip radius, and the scratch test method is described in the 

(prospective) European Standard EN 1071-3.  

The scratch tests were performed on two sets of samples, namely Ti coatings with a thickness of 60 μm and 

120 μm deposited by HVOF technique on C45 medium carbon steel. The main parameters of the scratch 

test are presented in Table 2. 

Table 2 Scratch test parameters 

Sample Coatings thickness 

[μm] 

Initial force 

[N] 

Final force 

[N] 

Loading rate 

[N/min] 

Length 

[mm] 

1-C45Ti 60 0 125 125 8 

2- C45Ti 60 0 200 200 5.4 

3- C45Ti 120 0 125 125 8 

4- C45Ti 120 0 200 200 5.4 

 

For each set of samples, the adhesion of the Ti deposited layers was realized by determining the critical load 

points based on acoustic emission. It was determined also the maximum force at which the Ti coating resists 

and the length of the diamond displacement until the coating exfoliated. The results of the scratch tests are 

presented in the following Figs. . 

Fig. 3 Surface failures generated in scratch tests: 1 - angular cracks; 2- parallel cracks; 3- 

transverse semi-circular cracks, coating chipping, coating spalling; 4 - coating breakthrough [3]. 
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Fig. 4 Scratch test results of sample 1-C45Ti 

From Fig. 4 it can be observed the critical loads and the microscopic images of the track resulted after the 

scratch test of Ti coating with the thickness of 60 μm,at a loading rate of 125N/min. The first crack in the 

coating appears at a load of 30.51 N, while at 78.46 N the coating is completely removed. 

 

Fig. 5 Scratch test results of sample 2-C45Ti 

When the loading rate is increased up to 200N/min, it can be observed that the values of the critical loads 

are lower than the values obtained at the loading rate of 125N/min. In this case, the coating is completly 

removed at the load of 71.62 N and a displacement less than 4.15 mm, as it can be observed from Fig. 5. 
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Fig. 6 Scratch test results of sample 3-C45Ti 

 

Fig. 7 Scratch test results of sample 4-C45Ti 

Figs. 6 and 7 illustrate the scratch test results for the Ti coatings with the thickness of 120 μm at two 

different loading rates, namely 125 N/min (Fig. 6) and 200 N/min (Fig. 7). In this case also the coatings 

present the same behaviour. It can be noticed a minor difference between the critical loads (approx. 2N) at 
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the two loading rates applied. A notable difference can be observed in the displacement of the stylus at the 

loading rate of 125N/min, which is higher with 2 mm compared to the stylus displacement for the loading rate 

of 200 N/min. 

CONCLUSIONS 

The results of the investigation show that: 

1) The deposited layers by HVOF method does not present defects such as cracks or microcracks. 

2) Scratch tests allow the determination of the critical loads that characterize the coating-substrate 

adhesion. In this study, the coating-substrate adhesion of Ti coatings decreases when the coating 

thickness increases.  

3) In the case of Ti coatings with the thickness of 60 μm, the first crack occurs at a force of 30.61 N, and 

a displacement of 2.68 mm. The coating exfoliates after a shift of 6.60 mm and a force of 78.46 N at 

the loading rate of 125 N/min. The first crack of the coating with a thickness of 120 μm appears at 

29.44 N force and a displacement of 2.47 mm. At 72.53 N and displacement of 6.22 mm the titanium 

layer is removed at the same loading rate. 

4) If the loading rate increases to 200 N / min the resistance of the deposited layer decreases. The first 

crack appears at a lower load of 24.09 N and a displacement of 1.47 mm. When applying a load of 

71.62 N the coating with a thickness of 60 μm is exfoliated. In the case of Ti coating with a thickness 

of 120 μm both force and displacement values decrease. The first crack occurs at an applied load of 

25.77 N and displacement of 1.53 mm and when a load of 74.52 N is applied, the deposited layer is 

removed from the substrate. 

5) Scratch testing can detect adhesion problems in coating process before parts are actually put to use. 

By applying loads in a controlled and closely monitored fashion, the tool allows to identify quantitative 

and reproducible critical load failures. 
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Abstract 

This paper deals with the influence of feed rate on the quality of the machined surface, especially surface 

roughness. The experiment was carried at cutting tool HURCO VMX t30 with respect to the following cutting 

parameters: cutting speeds 250; 350; 450; 550 and 850 m.min-1, feed 0.1; 0.5 and 1.0 mm/tooth. Machining 

was performed by five-tooth cutter FF FW D50-22-05 and cutting inserts FF WOMT 060212 TM IC908 on the 

steel grade 1.2343 (19 552) and 1.1191 (12 050). The evaluated parameters were values Ra - arithmetical 

mean roughness deviation and Rz - the largest inequalities height profile [1, 2] in the transverse direction 

and the longitudinal direction of machining. As a result will be the structural equations which can describe the 

character depending on the cut surface roughness parameters. 

Keywords: Machining; Feed Rate; Surface Quality 

1. INTRODUCTION 

The aim of experimental measurement is to find out how certain parameters, and also manufacturing 

technology, have an effect on surface’s micro-geometry. The experiments are carried out in collaboration 

with University of Žilina where measured samples were made on turning machine HURCO VMX t30. 

Subsequent measurement was at the VŠB-Technical University of Ostrava, where was measured and 

evaluated the roughness in accordance with set cutting parameters, namely cutting speed and feed rate. 

1.1 Used Machine 

For experiment was used vertical machining centre HURCO VMX t30. The machine is used for larger 

workpieces and has a greater strength increase, and also is suitable for roughing. The spindle power is 

approximately 13 kW, spindle speed 12 000 min-1 and maximal feed rate in X/Y/Z axis - 35/35/30 m.min-1. 

   

Fig. 1 Vertical machining centre HURCO VMX t30 (left) [3] and established machining sample (right) 

mailto:robert.cep@vsb.cz
mailto:jan.valicek@vsb.cz
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1.2  Used Tools 

For these tests was used five-tooths milling cutter, namely FF FW D50-22-05, and indexable cutting inserts 

namely FF WOMT 060212 T-M made from IC908 material, which is very fine-grained structure with high 

resistance at cutting. A PVD TiAlN coated tough grade. The insert is suitable for milling stainless steel, high 

temperature alloys and other alloy steels and is recommended for interrupted cut and heavy operations. 

 

Fig. 2 Used milling cutter - FF FW D50-22-05, and insert FF WOMT 060212 T-M [4] 

1.3  Used Testing Material 

As the machined materials were chosen two following basic material: 

Steel grade 1.2343 (19 552) is a chrome-molybdenum-silicon-vanadium steel for hardening in oil and in air 

with very good hardenability, high firmness during the heat and resistance to the tempering, very good 

toughness and plastic properties during normal and also higher temperatures. The steel is hardened on 40-

42 HRC by GALVAMET Vsetín Company. Using for moulds for firm and movable core parts and other parts 

of moulds for pressure casting of aluminium alloys and large series of castings of zinc and magnesium 

alloys. Tools is for hot mechanical working and very stressed extruders and other auxiliary tools for extrusion 

of non-ferrous metals during the heat, extrusion dies for aluminium and its alloys [6, 7].  

Steel grade 1.1191 (12 050) is a medium carbon steel. Extreme size accuracy, straightness and 

concentricity combine to minimize wear in high speed applications. The main application are components for 

vehicles, shafts, crankshafts, connecting rods and parts for the machine building industry and steel for axes, 

knives, hammers and others. In our case was chosen because it is reference material at determination of 

machinability and other parameters [7]. 

2. EXPERIMENTAL CUTTING CONDITIONS 

Table 1 Used cutting parameters 

Material Number of Tooth Cutting Speed vc [m.min-1] Feed per Tooth fz [mm] 

1.2343 (19 552) 
1.1191 (12 050) 

5 
 

250 

0.1 

0.5 

1.0 

350 

0.1 

0.5 

1.0 

450 

0.1 

0.5 

1.0 

550 
0.1 

0.5 

850 
0.1 

0.5 
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All experiments were performed by front climb milling technology. The constant cutting parameter was 

cutting depth, cutting speed and feed rate was variable, see in Table 1. The aim is to compare the difference 

in selected roughness parameters by using of different cutting parameters. 

3. MEASURING OF ROUGHNESS PARAMETERS 

For a statistical evaluation the surface roughness was measured 10 times and measurements proceeded in 

two perpendicular dimensions; in the direction of feed rate on milling (x-axis), longitudinal roughness and the 

direction which is perpendicular to this evaluation’s direction (y-axis). The Fig. 4 shows a set of machined 

samples at increasing feed rate for steel grade 1.2343. 

 
Fig. 3 Sample of surface roughness’s in the transverse and longitudinal axes 

   
Fig. 4 Set of machined samples for steel grade 1.2343, feed per tooth (fz) a) 0.1 b) 0.5 c) 1.0 mm 

3.1  Measurement and Evaluation for Steel Grade 1.1191 

Table 2 Values of the surface parameters; steel grade 1.1191; machined by five-tooth milling cutter 

Surface Roughness Profile Parameters 

No. vc fz 

Longitudinal 
direction 

Transverse 
direction 

Longitudinal 
direction 

Transverse 
direction 

Ra Ra Rz Rz 
- [m.min-1] [mm] [µm] [µm] [µm] [µm] 

1 

250 

0.1 1.61 ± 0.17 1.77 ± 0.20 8.89 ± 0.71 8.22 ± 0.58 

2 0.5 2.67 ± 0.26 3.15 ± 0.22 15.46 ± 2.04 19.02 ± 2.16 

3 1 2.80 ± 0.22 3.40 ± 0.38 15.36 ± 1.18 18.27 ± 1.50 

4 

350 

0.1 1.15 ± 0.11 1.42 ± 0.22 8.59 ± 0.67 8.87 ± 0.99 

5 0.5 1.90 ± 0.26 2.26 ± 0.19 10.02 ± 1.38 12.35 ± 1.31 

6 1 2.89 ± 0.28 3.58 ± 0.71 17.99 ± 2.99 20.97 ± 3.53 

7 

450 

0.1 1.72 ± 0.13 1.77 ± 0.13 8.89 ± 0.69 9.90 ± 1.07 

8 0.5 2.55 ± 0.22 2.81 ± 0.26 15.02 ± 1.33 17.11 ± 1.65 

9 1 2.98 ± 0.26 4.92 ± 0.73 16.76 ± 2.19 23.69 ± 2.82 

10 
550 

0.1 1.27 ± 0.12 1.30 ± 0.25 8.09 ± 0.95 7.58 ± 0.90 

11 0.5 1.94 ± 0.16 2.51 ± 0.41 10.46 ± 0.83 14.75 ± 2.28 

12 
850 

0.1 1.60 ± 0.13 1.45 ± 0.25 8.99 ± 1.54 8.92 ± 0.75 

13 0.5 1.65 ± 0.18 2.74 ± 0.25 10.57 ± 1.71 16.30 ± 1.56 
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Fig. 5 Dependence of roughness parameters (Ra and Rz) for steel grade 1.1191 

3.2  Measurement and Evaluation for Steel Grade 1.2343 

Table 3 Values of the surface parameters; steel grade 1.2343; machined by five-tooth milling cutter 

Surface Roughness Profile Parameters 

No. vc fz 

Longitudinal 
direction 

Transverse  
direction 

Longitudinal 
direction 

Transverse 
direction 

Ra Ra Rz Rz 

- 
[m.min-

1] 
[mm] [µm] [µm] [µm] [µm] 

1 

250 

0.1 1.98 ± 0.16 2.20 ± 0.42 10.48 ± 0.79 11.00 ± 1.58 

2 0.5 2.25 ± 0.19 2.88 ± 0.45 12.94 ± 1.00 16.25 ± 2.38 

3 1 2.84 ± 0.25 4.19 ± 0.42 16.42 ± 1.47 22.08 ± 2.03 

4  
350 

 

0.1 2.00 ± 0.22 2.50 ± 0.38 10.84 ± 1.24 11.64 ± 1.18 

5 0.5 2.05 ± 0.22 2.78 ± 0.26 12.83 ± 1.74 15.82 ± 1.43 

6 1 2.77 ± 0.26 3.97 ± 0.60 15.77 ± 1.65 20.88 ± 2.25 

7  
450 

 

0.1 1.58 ± 0.19 2.24 ± 0.21 7.82 ± 0.89 11.35 ± 1.53 

8 0.5 2.40 ± 0.24 2.43 ± 0.21 15.11 ± 2.22 14.83 ± 1.23 

9 1 2.67 ± 0.28 3.74 ± 0.29 15.61 ± 1.77 20.04 ± 1.66 

10 
550 

0.1 1.29 ± 0.10 1.73 ± 0.33 9.92 ± 2.82 8.62 ± 1.63 

11 0.5 1.92 ± 0.15 2.35 ± 0.20 11.47 ± 0.96 13.97 ± 1.23 

12 
850 

0.1 1.64 ± 0.15 2.49 ± 0.23 9.44 ± 0.74 11.66 ± 0.98 

13 0.5 2.39 ± 0.30 2.61 ± 0.28 18.05 ± 2.51 17.39 ± 1.60 
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Fig. 6 Dependence of roughness parameters (Ra and Rz) for steel grade 1.2343 

 

The structural equations with constant exponents and variable cutting conditions are the result of the 

measurement. The calculation is performed by least-squares method. Basis on this method are solved the 

equations for dependence of Ra and Rz parameters on cutting speed (vc) and feed per tooth (fz). The 

structural equation for steel grade 1.2343 is showed as an example. 

Rax = 0.412 . zf 
-0.181 . vc 

0.211 

Ray = 3.253 . zf 
-0.032 . vc 

-0.314 

Rzx = 4.251 . zf 
-0.251 . vc 

0.131 

Rzy = 48.986 . zf 
-0.154 . vc 

-0.389 

These equations confirm the decreasing character of surface roughness dependence on the cutting 

parameters. 

4. EVALUATION OF RESULTS 

The precondition for increasing influence of cutting speeds and decreasing feed per tooth is decreasing trend 

of measured roughness parameters (Ra and Rz). Thanks to this method should be ensured a high quality of 

machined surface. This assumption was confirmed for both materials, steel grade 1.2343 (19 552) and also 

steel grade 1.1191 (12 050). However, not all measurements and evaluations confirmed this assumption. We 

can therefore assume, that these examples have been burdened by measurement errors, which was caused 

by machine rigidity of machine-tool-workpiece, inaccuracy and fixture rigidity and other factors accompany 

whole machining process. 
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In the experiment we did not deal with cutting tool-wear. We used new cutting mills with a new insert during 

testing. As we know the new cutting mills have better (lower) values of surface roughness. If the cutting mills 

are used for a longer period, the surface roughness of machined surface is increase. It is thus important to 

take into account that the surface roughness is lower at climb milling technology than at conventional milling 

technology. However, surface roughness is increasing at face milling in comparison with slab milling. The 

direction of machining mark has not influence, and at low height of inequality and dry friction, direction of 

machining marks, have not a significant importance. At higher height of inequality is better parallel direction 

of marks in accordance with movement direction during working. If the height of inequality is higher than 

optimal, there will be created some processes as higher tool-wear, seize up of mechanical component, 

sliding and cutting-off the top of inequality. This indicates that height of inequality is decreased by using of 

components. Otherwise, when we have a smaller height of inequality than optimal, there is adhesive bonding 

of contact peaks. 

Steel grade 1.1191; machined by 5-tooth milling cutter 

At setting cutting conditions we can always follow a slight increase of roughness at used cutting speed above 

350 m.min-1 and a decrease at cutting speed above 450 m.min-1. 

Steel grade 1.2343; machined by 5-tooth milling cutter 

With this combination we can see that roughness parameters are higher at using of higher feeds per tooth 

but these parameters have not increase with increasing cutting speed. 
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Abstract 

HVOF (High Velocity Oxygen Fuel) thermal spraying technology is commonly used for component surface 

protection against abrasive wear. Alloy-based and cermet coatings meet the demands of high abrasive wear 

resistance. Wear resistance is in many cases a decisive property for the proper functioning of components. 

Suitable materials for particular applications are usually selected according to their different hardnesses. 

For this reason, the present work is focused on the comparison of abrasive wear resistance and hardness of 

alloy- based and cermet coatings. The coatings sprayed on to steel substrates were subjected to the 

abrasive wear test according to modified method ASTM G-65 method (Rubber Wheel/Dry Sand Abrasion 

Test). Abrasive sand Al2O3 with grain size of (212-250) µm was used. CoCrWC (Stellite 6), NiCrBSi, CrC-

NiCr, CrC-CoNiCrAlY, WC-Co powders were used to prepare sample sets subjected to the test. It was 

shown that the abrasive wear resistance is not directly proportional to the hardness. The difference in 

microstructure between cermet and alloy-based coatings results in different wear mechanisms which plays 

an essential role in the abrasive wear resistance of a particular coating. 

Keywords: HVOF, coating, abrasive wear, wear resistance, ASTM G-65 

1. INTRODUCTION 

Approximately 50 % of industrial applications suffer nowadays from abrasive wear [1]. HVOF (High Velocity 

Oxygen Fuel) coating technology is commonly used for function surface protection [3]. Cermet coatings are 

one of the most effective coatings for component surface protection [2]. The coatings discussed in this paper 

are currently some of the most employed coatings in industrial applications due to their outstanding 

mechanical properties. The characteristic features of WC-Co-based coatings are high hardness and abrasive 

wear resistance, but their industrial applications are, limited to a temperature of 480°C [4]. Thermally sprayed 

Cr3C2 - 25 %NiCr coatings are used in high temperature applications because of the outstanding corrosion 

and oxidation resistance of nickel-chrome alloy and the acceptable temperature resistance of chrome 

carbides up to 900°C [5]. Cr3C2 - CoNiCrAlY coating provides component surfaces with excellent erosion and 

wear resistance up to 1000°C. This coating has better oxidation resistance than Cr3C2 - NiCr coating [6]. 

CoCrWC (Stellite 6) alloys are characterized by excellent hardness and toughness and are usually very 

corrosion resistant. CoCrWC (Stellite 6) alloys also have very high melting points due to their cobalt and 

chrome content [7]. The last of the discussed coatings was NiCrBSi-based coating, which is formed by very 

fine particles of precipitating carbides and borides in a nickel matrix with Cr, Si and Fe additives. This coating 

is mainly used for abrasive wear and erosion protection; also at elevated temperatures. This coating is 

classified into the group of so-called self-fluxing alloys, which are usually thermally post-treated after 

spraying to improve mechanical and physical properties [8]. 

Abrasive wear resistance of the coatings was evaluated by the modified method of ASTM G-65 Dry 

Sand/Rubber Wheel Abrasion test. A detailed description of the test can be found in the publication [9]. The 

aim of this paper is to compare abrasion wear between cermet and alloy-based coatings and to determine 

mailto:cesanek@vzuplzen.cz
mailto:houdkova@vzuplzen.cz
mailto:schubert@vzuplzen.cz
mailto:kasparova@vzuplzen.cz
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the role of the structure differences between cermet and alloy-based coatings in relation to the wear 

mechanism. 

2. EXPERIMENT 

The coated samples were deposited using HVOF (High Velocity Oxygen Fuel) thermal spraying technology 

TAFA JP-5000 in VZÚ Plzeň s.r.o. Coatings were deposited on steel 11 523 substrate samples with a size of 

75x25x5 mm. The average coating thickness was 300μm. Cr3C2-25 %NiCr, Cr3C2-CoNiCrAlY and WC-

17 %Co powders were chosen for cermet coatings, and CoCrWC (Stellite 6) and NiCrBSi powders for alloy-

based coatings. 

Coating deposition parameters are included in Table 1.  

Table 1 Deposition parameters 

Coating Technology Barrel length Deposition distance Equivalent ratio 

Cr3C2-25 %NiCr HVOF 102mm 360 mm 1.1 

Cr3C2-CoNiCrAlY HVOF 152mm 420 mm 1.06 

WC-17 %Co HVOF 102mm 380 mm 2.34 

CoCrWC (Stellite 6) HVOF 152mm 360 mm 0.98 

NiCrBSi HVOF 120mm 360 mm 0.79 

Abrasive wear resistance of the coatings was determined by the 

modified method in accordance with the norm ASTM G-65. The 

principle of this method is shown in Fig. 1 

This method is suitable for evaluating coating wear resistance. 

The test is arranged selected to evaluate resistance during three-

body surface abrasive loading. The test result is volume loss; 

possible wear rate of given material in cubic millimetres under 

specific test conditions determined by the chosen procedure. A 

brief description of the test is as follows: Abrasive particles of 

determined hardness and grain size are introduced between the 

rotary wheel equipped with a rubber rim of defined hardness and 

the sample pressed to the wheel by a determined force. The 

primary test result is the weight loss of the examined material 

which is used to calculate volume loss to enable comparison of 

materials with different densities. The sample was pressed to the rubber rim wheel with a diameter of 231.89 

mm with the defined force of 22N. Circumferential speed of the 

wheel was 200 rev per minute. White corundum with grain size of 

212-250 µm was used as the abrasive material. The amount of 

corundum introduced between the sample and the wheel was 440 

g/min and the sand moisture did not exceed 0.5 % of weight amount. Weight loss was measured using a 

Sartorius TE214S OCE digital scale with accuracy of 0.0001 g. The test was conducted under the 

temperature of 22 ± 2°C [10]. 

Coating section microstructure and surface morphology after the abrasive test were evaluated using SEM 

microscopy Se, Be and Mix modes. 

Microhardness was measured with the Vickers hardness test with a 300g load applied for a duration of 10s. 

Final value is an average of 7 measurements. 

Fig. 1 Diagram of Dry Sand/Rubber 

Wheel test [11]. 
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Density was determined by the Archimedes´principle. The density of the coatings was measured by 

gravimetrical method. 

Surface roughness tester SJ-201P was used to measure sample surface roughness after deposition. Three 

measurements were conducted for each coating and the average value including mean deviation was 

calculated. 

Coating thickness was measured in photos of section microstructure. Measurements were always conducted 

at five locations and an average value was calculated for each coating. 

Coating surface hardness was measured using the Rockwell hardness test. The test is based on the 

principle of a cone shaped indenter indentation into the coating. Each coating was subjected to the test five 

times and an average value including mean deviation was calculated. 

3. RESULTS AND DISCUSSION 

This section summarizes all the 

measured values. The coatings were 

subjected to an abrasive wear resistance 

test and coating resistance against three-

body abrasive wear under low loading, 

which excludes abrasive particle 

deformation. The relation of volume loss 

and abrasive track for the coatings is 

shown in Fig. 2. The wear rate (Wr) of 

individual coatings was determined from 

linear regression relation of volume wear 

and track. The results are summarized in 

Table 2. 

Fig. 2 shows that the highest abrasive 

wear resistance was obtained by the WC-

17 %Co coating; followed by Cr3C2-NiCr 

and Cr3C2-CoNiCrAlY coatings. The 

measurements confirmed the 

presumption that the CoCrWC (Stellite 6) coating would have a lower abrasive wear resistance and the 

NiCrBSi coating the lowest. These results do not correspond with the usual hardness values of alloy-based 

coatings. The higher hardness did not always guarantee higher abrasive wear resistance. The basic 

mechanical properties of the five coatings are shown in Table 2. Fig. 3 shows wear rate and hardness 

HR15N and HV0,3 ratio of all five coatings. 

Table 2 Mechanical properties of coatings 

Coating Roughness Ra Thickness HR15N HV0,3 Wr [mm3/m] 

Cr3C2-25 %NiCr 4.1 ± 0.5 355 µm 89.1 ± 2.1 847 ± 35 0.00594 

Cr3C2-CoNiCrAlY 5.2 ± 0.3 398 µm 87.9 ± 2.6 894 ± 76 0.00831 

WC-17 %Co 2.9 ± 0.2 400 µm 91.7 ± 1.2 1191±134 0.00183 

CoCrWC (Stellite 6) 6.9 ± 0.4 417 µm 82.8 ± 3.1 626 ± 53 0.03212 

NiCrBSi 6.7 ± 1.0 333 µm 87.8 ± 1.8 815 ± 59 0.03535 

Fig. 2 Comparison of abrasive wear rate of coating materials 
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From the graphs in Fig. 3 it is 

seen that surface hardness 

HR15N can be used as a wear 

indicator in the range of the group 

of cermet coatings. In this group, 

the expectation that harder 

coatings have higher wear 

resistance is valid. On the other 

hand, with the other two alloy-

based coatings, the harder 

NiCrBSi showed lower wear 

resistance than CoCrWC (Stellite 

6). Moreover, the coatings cannot 

be compared between groups of 

material only according to their 

hardness - while the surface 

hardness of Cr3C2-CoNiCrAlY and 

NiCrBSi is comparable; the wear 

rate of the NiCrBSi alloy coating is 

more than 7 times higher. A 

similar conclusion can be reached 

in the case of microhardness 

measurements. The 

microhardness measurements 

suffer from big scatter in 

comparison with the differences 

between average values. This 

means that the microhardness of 

NiCrBSi is comparable to the CrC-

based cermet coatings, but its 

wear rate is much higher. 

The difference between the 

coating wear behaviors can be 

explained by the wear mechanism (see Fig. 4). In the case of cermet coatings, the hard particles embedded 

in the microstructure impede against the grooving and ploughing of the soft matrix and the wear resistance is 

given mainly by the strength of the carbide-matrix interface. In the case of alloy coatings the ploughing is the 

main wear mechanism. The coatings microstructures (Fig. 5) show that in the case of WC-Co, the lower 

amount of matrix and well bonded carbides give the best results in terms of wear resistance. The CrC-based 

coatings with the same amount of matrix (25 %) microstructures differ in the amount of porosity and probably 

in related carbide-matrix cohesion and intersplat cohesion. The coating with the better microstructure, Cr3C2-

NiCr also shows better wear resistance. The small hard precipitates can be seen in the microstructure of 

NiCrBSi coating, but their presence does not have a strengthening effect on the wear rate compared the 

CoCrWC (Stellite 6) coating. The hard precipitates are probably too small in comparison with the abrasive 

particles to have a significant effect on the wear resistance. Apart from hardness, material toughness also 

plays a role in the process of wear. The higher toughness of CoCrWC (Stellite 6) can be expected based on 

the measured results. 

Fig. 3 a) Wear rate and surface hardness HR15N; b) Wear rate 

and microhardness HV0,3 
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a)      b)     c) 

  
d)        e) 

Fig. 4 Surface morphology of coatings after wear in the middle of the track a) WC-17 %Co, b) Cr3C2-

CoNiCrAlY, c) Cr3C2-NiCr, d) NiCrBSi, e) CoCrWC (Stellite 6), magnification 3000x, SEM (Mix) 

 

   
a)      b)     c) 

  
d)          e) 

Fig. 5 Microstructure of coating section a) WC-17 %Co, b) Cr3C2-CoNiCrAlY, c) Cr3C2-NiCr, d) NiCrBSi, e) 

CoCrWC (Stellite 6), magnification 3000x, SEM (Mix) 
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CONCLUSIONS 

1) Based on the expectations, it has been proved that cermet coatings have higher abrasive wear 

resistance in comparison with alloy-based coatings. 

2) It was discovered that hardness HR15N can be used only as an approximate indicator for cermet 

coatings to determine abrasive wear resistance of coating. Nevertheless, this value cannot be used in 

the case of alloy-based coatings. The same conclusion was also made for microhardness HV0,3 as an 

indicator for determining abrasive wear resistance of coating. 

3) The abrasive wear resistance has proved to be influenced mainly by the wear mechanism. Carbides 

distributed uniformly in the matrix of cermet coatings impede the wear, and the abrasive wear rate is 

determined by the carbide-matrix bond strength. The alloy-based coatings do not contain carbide 

phase and therefore the abrasive wear is higher in comparison with cermet coatings. 

4) It has also been proved in this paper that a higher amount of carbides tightly bonded in a lower 

amount of matrix provide a coating with outstanding abrasive wear resistance. 
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Abstract 

Electro-spark deposition (ESD) is a micro-welding process using short-duration, high-current electrical pulses 

to deposit an electrode material on a metallic substrate. The short duration of the electrical pulse allows an 

extremely rapid solidification of the deposited material and results in the formation of a surface layer with 

properties different from those of the base material. The layer produced has good wear and corrosion 

resistance. 

This paper presents the results of a concerning the investigation cavitation erosion resistance of surface 

layers produced by electro-spark deposition. Wettability was also studied using two types of surfaces with 

different roughness. It has been found that the surface layer produced by ESD has good criteria resistance 

and that by changing the process parameters; we can control the surface contact angle. 

Keywords: cavitation; cavitation erosion; electro-spark deposition 

INTRODUCTION 

There are many methods for producing surface coatings, for example electroplating or plasma spraying. 

Very thin deposited layers can be manufactured by vapour deposition method. Various surface treatment 

techniques have been developed to improve the desired properties of the deposited layers, produced in the 

substrate material. Some of these methods are expensive and should be used only for unique applications, 

where the high cost is justified. However, for most applications, there is a need for generation low cost 

coatings of good properties. The aim of this work is to improve a widely used low cost method of electro-

spark deposition (ESD). It has been already recognized as an economically effective surface coating [1-6]. 

ESD is also widely used for its relative low cost equipment required to run this process. The deposition of the 

coating is achieved by an electrical circuit, which generates sparks between the electrode and the work-

piece. Electrical pulses of high frequency and high direct current between the electrode (anode) and work-

piece (cathode) releases very hot micro-particles of electrode material, resulting in continuous micro-welding 

coating on the work-piece surface. Important advantage is that the coating is bonded to the substrate with 

relatively low heat input. The energy savings effect is based on micro-particles heated region, while the body 

of the work-piece remains at low temperature. ESD has been known by several other terms such as Spark 

Hardening (SH), Electric Spark Toughening (EST), and Electro-Spark Alloying (ESA). 

Electro-Spark Deposited (ESD) coatings have some disadvantages, which can be easily eliminated. For 

example one of the proposed methods can be laser treatment; where laser beam is used for surface 

polishing, surface geometry formation, surface sealing or for homogenizing the chemical composition of the 

coatings deposited [7-9,11]. 

Research on this technology is being conducted all over the world, and the companies interested in applying 

it include NASA and the US Navy [1011]. 

As electro-spark coatings are reported to be resistant to wear and corrosion, they can be applied, for 

instance, to:  

 ship propeller components, 

 casting moulds, 
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 fuel supply system components, 

 exhaust system components. 

The electro-spark deposition coating are characterized by non etching structure and staying white after 

etching. The surface layer is constituted in environment of local high temperature and high pressure. The 

fundamental value parameters of electro-machining are as follows: 

 shock wave pressure comes from electric spark is (2-7)103 GPa,  

 temperature rich (5-40)103 Celsius degree value. 

1. EXPERIMENT 

1.1. Layer fabrication 

In the experiment, the coatings were electro-spark deposited with using a stellite electrode with a cross-

section of 4 x 6 mm (the anode) - onto samples made of carbon steel C45 (the cathode).  

The equipment used for electro-spark deposited was an EIL-8A model. We based on the previous our work 

and instructions given by the equipment manufacturer, the following parameters were assumed to be optimal 

for ESD voltage U = 230 V, capacitor volume C = 300 µF, current intensity I = 2.1 A. 

The chemical composition of C45 is shown in Table 1.  

Table 1 Chemical composition of C45 carbon steel 

Elements C Mn Si P S 

Content % 0,42÷0,50 0,50÷0,80 0,10÷0,40 0,04 0,04 

The chemical composition of stelitte electrode is shown in Table 2.  

Table 2 Chemical composition of electrode stellite 

Elements C Cr Mn Co Fe W 

Content % 7,0 56,0 1,0 25,0 0,6 10,4 

1.2. Test methods 

After ESD coatings, the specimens were sectioned, placed in cold setting acrylic resin (VariDur 10) and 

prepared for microscopic analysis with a STRUERS automatic polishing machine. The final polishing was 

performed using a 0.05 μm Al2O3 (METADI) suspension. The preparation of the specimens for the OM and 

SEM examinations did not include etching. The structure analysis was conducted using a PHILIPS XL30 

(LaB6) scanning electron microscope. The chemical composition of the specimens was studied by means of 

an EDS spectrometer. The microhardness of the layers was investigated using a MATSUZAWA MMT 

Vickers (HV0.1) hardness tester. Wettability was evaluated as the value of contact angle  determined based 

on the geometric method according to the following formula (1), where h - height of the drop, and r - radius of 

the drop  

2

2

1

1

arccos























r

h

r

h

            (1) 

The study was based on the application of a drop of water on the surface and images of this were captured. 

The measurements of “h” and “r” parameters were analyzed with the computer image analysis system. 

Determined on the basis of images dimensional proportions drop to calculate the angle . For measuring 
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droplet formation were used micropipettes, and their volume is adjusted to 7 l. The surface roughness of 

the samples was tested with a profilometer PGM-1C. Cavitation erosion studies were carried out on the 

device blast shock. The test specimens have the shape of cylinders with a diameter of 20 mm and a height 

of 6  0.5 mm. The samples were fixed in the arms of the rotor in a vertical plane parallel to the axis of the 

stream of water pumped at a pressure of 0.06 MPa in a continuous manner through a nozzle with a diameter 

of 10 mm, a distance from the edge of the sample of 1.6 mm. While the sample was rotating, stream heated 

the water. The water flow was constant and amounted to 1.55 m3/hr. Samples were examined for a period of 

30 minutes, removed from the handle, defatted in an ultrasonic bath for 10 minutes at 30 C, dried in the 

oven for 15 minutes at 120 C and weighed, and then re-mounted in the arms of the rotor in their original 

position relative to the water stream. Four samples were examined with a coating layer and four others 

sample and the erosion of steel C45. All samples were tested for a total time of 420 min.  

2. RESULTS AND DISCUSSION 

Fig. 1 shows SEM image of the cross-sections of the stelitte coated C 45 specimen. In the photograph of the 

microstructure exhibits a distinct boundary between the coating and the substrate coating and visible pores. 

Electro coating thickness obtained for the test samples was about 10 to 15 m  

a)     CoK   CrK                         FeK 

b) 

 
Fig. 1 Electro-spark coating: a) microstructure and elemental mapping of cross-section, b) linear distribution 

of elements 

Linear analysis (Fig. 1b) showed the erosion coating uneven distribution of the elements in the shell. The 

shell can be divided into zones containing significant amounts of W, Co and Fe. It was found an increased 

carbon content in the layer-shaped spark machining. This is an example involving the diffusion displacement 
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of carbon in base material - steel C45 as a result of thermal 

effects. The Carbon diffuses while the surface layer was formed 

by ESD technology. The surface roughness of the samples was 

measured with profilometer PGM-1C, in the range of Ra = 1.50 ÷ 

2.00 m for coated samples and also 0,42 ÷ 0,46 for C45 m 

samples. The large roughness is due to imposing of craters, as a 

result of the substrate erosion and also due to the ridges formed 

by moving particles of the electrode coating material on the 

surface (Fig. 2). 

Microhardness of the coating was between 450 ÷ 485 HV0,1, 

microhardness ground (substrate) oscillated between 180 HV0,1. 

As can be seen in the graph (Fig. 3) contact angle decreases 

with time for each test textured surface of the ring. The largest 

changes occur in the initial phase of placing a drop of the 

textured surface. 

 

Fig. 3 Wettability of coating surface formed by ESD 

On Fig. 4 shows the weight loss - damage curves of the samples coated by ESD. 

 
Fig. 4 Cavitation damage curves of samples coated with ESD 

Fig. 2 SEM microphotography of 

coating surface formed by ESD 
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The cavitation damage progress of electro spark coating samples was similar. [12,13] In the initial stage of 

erosion it removes an oxides of Cr and Co causing concave space on the surface, which became at a later 

stage of cavitation erosion damage initiators (Fig. 5a). Particles are removed by creating electro spark 

coating weakened areas which appeared first small craters. The resulting craters have become places of 

compressive stress concentrations and sources of further crack initiation. The rate of damage in these areas 

depends on layer thickness and erosion on the amount of internal defects in the formed pores. Further 

effects of stream water accumulates in cracks and in removed shell fragments (Fig. 5b). After the test period 

of 300 min at the surface of the test samples can be observed the unfolding of the substrate material.  

Created cracks on coated material, reaching up to the substructure, caused the removal of grains of ferrite. 

Later it led to the formation of pits on the surface, by removing entire portions of the coating material and the 

substrate (Fig. 6). Depth of pitting was observed about 30 ÷ 50 m after 420 minutes, erosion studies. 

a)                         b) 

  

Fig. 5 Effects of cavitational erosion on the surface of samples coated with electro-spark a) loss of Cr and Co 

oxides, b) craters on the surface. 

a)     b) 

  

Fig. 6 Effects of cavitational erosion of samples coated with electro-spark of cross-section. 

In the initial stage of cavitation damage of steel samples C45 and samples coated with the same electro 

spark eroded weight loss. During this period, samples of the surface layer are removed by electro spark 

particles of oxides of Cr and Co, and the surface of samples of C45 steel mesh is formed cracks at the grain 

boundaries. [14] The different nature of the first stage of cavitation damage results in a further step change in 

the speed test weight loss, as evidenced by a different angle erosion curves (Fig. 4). 
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CONCLUSIONS 

The following are conclusions drawn from the study.  

1) The coating layer made on C45 has a higher cavitation erosion resistance as compared to the 

samples of the substrate material (steel C45). 

2) It can be assumed that the coating ESD of greater thickness would increase even greater resistance 

to cavitation destruction. 

3) To receive the layers with a higher resistance to cavitation erosion coating, created ESD shells should 

have: greater thickness, the single phase composition without internal defects. 

4) Investigated electrical discharge coating can be used in the repair and regeneration of turbomachinery 

for example for filling defects caused by destructive activity of cavitation. 
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Abstract  

Long-term corrosion protection of galvanized material is ensured predominantly by the coating thickness, but 

a significant improvement in corrosion properties of the coated steel material can be achieved by adjusting 

the chemical composition of the zinc layer. Properly chosen alloys reduce zinc electrochemical activity and 

thus inhibit the formation of corrosion products, which leads to increased corrosion resistance of coated 

material. An important group of such hot-dip galvanized coatings consists of coatings enriched by 

magnesium and aluminum. This paper describes the effect of magnesium and aluminum on the corrosion 

resistance of steel sheets in various thicknesses, i.e. different coating weights compared to conventional zinc 

coatings. Corrosion test of coatings was carried out in neutral salt spray according to EN ISO 9227. 

Reviewed was the surface attack by red rust, i.e. perforation-corrosion of the coating.  

Keywords: corrosion resistance, magnesium and aluminum, zinc coating, red rust, perforation-corrosion 

1. INTRODUCTION  

Currently, the zinc coatings are the most widely used method of steel corrosion protection. One of the most 

important indicators of the lifetime of galvanized steel sheets is their corrosion resistance in particular 

corrosive environment. Zinc coatings protect in two ways:  

 Barrier action (prevent action of oxygen and moisture on the steel surface)  

 Cathodic protection at the place of defects (scratches, peeling, cutting edges) 

Zinc (Zn) itself is unnoble metal with a high susceptibility to corrosion. Nevertheless, its corrosion rate 

(kinetics) is low in most environments. It's due to the fact that the zinc surface is rapidly covered by corrosion 

products, which protect against further corrosion - the surface is naturally passivated. Important opportunity 

in improving the corrosion resistance is alloying the zinc by different metals, which reduce the 

electrochemical activity of zinc or its corrosion products and thus increase its corrosion resistance. A very 

important group of coatings with increased corrosion resistance consists of zinc coatings enriched by 

magnesium.  

In literature, the effect of magnesium on the properties of zinc coatings has been of great attention for 

several years. The first experiments with improving the corrosion resistance of zinc coatings enriched with 

magnesium can be dated back to 60ies of last century [1]. The first commercial coatings with significantly 

improved corrosion resistance, containing, in addition to zinc, a significant amount of magnesium and 

aluminum were introduced in 1998 in Japan. One of such coatings is e.g. SUPER DYMA coating (Zn-11 

%Al-3 %Mg-0,2 %Si) made by Nippon Steel, and ZAM coating (Zn-6 %Al-3 %Mg), made by Nisshin Steel 

Company. These coatings with excellent corrosion resistance were intended for the construction industry. 

Their use in the automotive industry was cumbered by the fact that the addition of Mg in the ZnAlMg coatings 
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on one hand increased their corrosion resistance, but at the same time a high content of Al in the coatings 

led to difficulties in spot welding. 

While these coatings have been extensively used in Asia, European manufacturers continued in 

development of Zn-Al-Mg coatings that would both significantly increase the resistance of steel to corrosion, 

and also would be suitable for use in the automotive industry. In 2007, the efforts of European producers led 

to successful production of Zn-Al-Mg coatings containing, beside zinc, also 1-2 % Al and 1-2 % Mg, by 

Corus. It was found that the coating allows significant improvement of corrosion resistance, excellent paint 

adhesion; is suitable for deep drawing, improves weldability and wear resistance. Compared to traditional 

zinc, i.e. GI (galvanized) coatings, this coating does not stick to the forming tools, leading to galling, and 

compared to GA (Galvannealed) coatings, this coating does not suffer from powdering and flaking during 

forming. Additional advantages of zinc coating enriched by Al and Mg include better surface appearance 

(suppression of sags, wrinkles) and improved yield (conversion rate) (at a given substrate thickness it covers 

by 4 % more square meters of material per tonne of steel, with half coating thickness) [2]. Currently, similar 

zinc coatings are also offered by other steel companies, such as Thyssen Krupp, Voestalpine, ArcelorMittal 

and others [1].  

In 2010 the development of alloyed zinc coating began in U. S. Steel Košice. In early 2011, this type of zinc 

coating was patented and introduced to market under the name ZINKOMAG. The coating is produced in a 

zinc melt containing 0.8 to 1.0 % Mg and 0.8 to 1.0 % Al. 

2. EXPERIMENTAL MATERIALS AND METHODS 

The aim of this report was to assess the corrosion resistance of Zn-Al-Mg coatings in comparison with 

conventional zinc coatings at different coating weights in corrosive environment of neutral salt spray 

according to STN EN ISO 9227. Reviewed was the surface attack by red rust, i.e. perforation-corrosion of Zn 

coating. Tested were hot-dip galvanized sheets with two types of zinc coatings. The first type was the 

conventional GI (galvanized) coating, and second type was zinc coating enriched by Mg and Al. Specific 

quantities of Mg and Al listed in the report relate to the content of these elements in the coatings. The 

surface of tested samples was in a pure state, i.e. did not have additional corrosion protection (not 

chemically passivated). Samples were selected so that they would represent the coating weight groups of 

45-55 g/m2 and 65-70 g/m2 per one side. Content of elements (Mg, Al) was measured in the zinc coating (in 

wt.%) by AAS method (atomic absorption spectrometry). Samples were subject to corrosion test in the 

atmosphere of neutral salt spray according to STN ISO 9227 [3]. The evaluation was performed according to 

standard STN EN ISO 10289 [4]. Monitored was the time till first corrosion of Zn coating (red rust formation) 

depending on the content of alloys (Mg and Al) in the coating in two different weights The corrosion test was 

carried out with the equipment, Cycling and Combining Chamber. 

3. RESULTS AND DISCUSSION  

Due to the presence of alloys (Mg and Al), the structure is changing in the coating, for example, eutectics 

(Zn-Al-Mg) or structural components with alternating phase precipitation (Fig. 1) are formed. For these 

coatings, the process of oxidation (rust), is slowed by the presence of Al3+ ions and Mg2+ ions, which form 

protective stabilizing layer (natural passivation), less conductive corrosion products on the surface, or act as 

additional electrochemical protection. The chemical composition of the coating has a significant influence on 

the corrosion behavior in different environments. Furthermore, changes in temperature and aggressiveness 

of corrosive environment (the presence of salts and other products) can have a major impact on corrosion 

loss or coating perforation-corrosion. 
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a) GI coating - surface 

 

c) ZnAlMg coating - surface 

 

b) GI coating - cross-section 

 

d) ZnAlMg coating - cross-section 

Fig. 1 Composition of traditional GI coating and the coating alloyed by Mg and Al 

Selection of samples with particular specific weight of zinc coating and alloy content for corrosion test is 

shown in Table 1. 

Table 1 Selection of samples for corrosion test 

 

Each group contains samples with approximately the same Zn coating weight and different representation of 

alloys (Mg, Al). Mg content in ZnAlMg coatings ranges from 0.1 to 1.11 % and Al content ranges from 0.4 to 

1.27 %. For comparison, each group also includes a sample with conventionally produced GI coating 

containing about 0.3 % Al. All samples were tested simultaneously and continuously evaluated under the 

same conditions. 
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Fig. 2 Impact of Mg content (%) on coating 

corrosion 

Fig. 3 Impact of Al content (%) on coating 

corrosion 

 

Figs. 2 and 3 show the impact of alloy content (Mg and Al) on the corrosion resistance of zinc coating. It is 

obvious that with increasing content of Mg and Al, the lifetime of the coating in corrosive environment of 

neutral salt spray significantly increases. At the same time, as expected, further increase of corrosion 

resistance is achieved by using higher coating weight. 
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Fig. 4 Comparison of corrosion resistance of two coating weight groups wih different alloy content 

(Mg and Al) 

 

Fig. 4 shows the time till perforation-corrosion of Zn coating in corrosive environment of neutral salt spray. 

Compared was the coating alloyed by different content of Mg and Al in two weight groups. GI type coating 

was used as a reference sample.  

Fig. 4 shows that the same corrosion resistance typical for GI coating with higher coating weight can be 

achieved by using ZnAlMg coating with lower weight with the content of 0.1 % Mg and 0.4-0.6 % Al in the 

coating. With increasing content of Mg and Al elements, the coating corrosion resistance is several times 

multiplied. It was found that Zn-Al-Mg coating exhibits, depending on the alloy content, on average, 1.5 to 8 

times better corrosion properties than GI-type coating. 

Conventional 

GI coat 

Mg % 

Mg % 

Al % 
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Fig. 5 Kinetics of corrosion attack to zinc surface over the time. Compared are coatings type GI and alloyed 

coatings with various Mg and Al contents. Specific weight of coatings is 45-55 g/m2, corrosion environment - 

neutral salt spray 

Fig. 5 shows the growth kinetics of white and red rust on coatings with specific weight of (45-55) g/m2. The 

zinc coating alloyed by 1.1 % Mg and 1.3 % Al begins to corrode down to steel substrate after about 500 

hours of test, while conventional GI coating was at the same time corroded on full-area. To explain the 

different behavior of the ZnAlMg coatings compared with the GI coatings in corrosive environments, the 

structure of corrosion products forming on the surface of these coatings was studied. Cross-section analysis 
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showed that the corrosion products on ZnMgAl coating are extremely thin and dense in comparison to 

corrosion product formed on traditional GI coating. So infusion of water and Cl-, which are the causes of 

corrosion, is inhibited [5]. 

4. CONCLUSION 

The most important task of hot-dip galvanized sheets is to protect the steel substrate from the rust attack, so 

to extend the life of zinc coating. The article describes the impact of Mg and Al content on corrosion 

resistance in severe corrosive environment of neutral salt spray. Significant improvement of corrosion 

properties can be achieved by appropriate combination of Zn coating weight and content of alloys, 

comparing to conventional GI-type coatings. Samples for the test were used from two weight groups of Zn 

coating (45-55 g/m2 and 65-70 g/m2 per one side). Each group represented a variety of alloy contents (Mg 

0.1 to 1.11 % and Al 0.3 to 1.27 %). Test results were compared with zinc coating of GI type, which 

contained 0.3 % Al. Tests were conducted in severe corrosive environment of neutral salt spray according to 

STN EN ISO 9227 standard. Evaluated was the perforation-corrosion of zinc coating over the time. It is 

obvious that ZnAlMg coating, depending on the content of alloys, exhibits on average 1.5 to 8 times better 

corrosion properties than traditional GI coating. Already low Mg content (approx. 0.1 %) in the zinc coating 

improves its lifetime in the selected corrosive environment. ZnAlMg coating of U. S. Steel Košice s.r.o. 

produced under the name ZINKOMAG increases the resistance of the coating against perforation-corrosion 

compared to traditional GI coating. Further significant increase in product lifetime can be expected after its 

subsequent surface treatment, e.g. by passivation, or by organic coatings. 
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Abstract 

The paper deals with an analysis of surface integrity in laser beam cutting process. Surface roughness and 

other well measurable geometric features of the surface generated by a laser beam are used to define the 

quality of machined parts and its surface integrity. A whole complex of properties of materials, whether 

physical, mechanical or technological and utility properties are in a close relation with the mechanism of 

material disintegration. As the laser beam is focused onto a workpiece, the heat generated in the material 

results in the development of surface deformation. This is connected with a consequent hardening of the 

material and results in a change in physical and mechanical properties. The resulting surface roughness is 

an indicator of unwanted alteration, or it presents a degree of maintaining the original structure of the 

material. Using a model for machining-induced surface integrity modifications, it is possible to identify 

a stress - deformation state of the material, to assess the quality of material and its functional lifetime. This 

objective can be achieved primarily through a systematic derivation and definition of functionally determined 

relations between the final state of the surface layer of the workpiece and process parameters, which is 

being considered as an integrated physico-mechanical whole. 

1. INTRODUCTION 

Rapidly expanding industry with so many increasing requirements for production quality presupposes and 

requires a continuous and everlasting innovation and introduction of new technologies that meet the 

demanding criteria given by a flexible free market, as well as the demands of the environment. The 

production technologists are now confronted with a need to adapt the existing technologies to the specific 

properties of new materials, or elsewhere to develop and invent the new ones. One of the few tools that can 

satisfy the requirements set by the technologist and thus to adapt to the new trends in engineering materials 

with special properties is the laser beam or rather the laser beam cutting (LBC) technology. Lasers became 

the first choice of energy source for a steadily increasing number of applications in science and industry 

because they deliver sufficient amount of energy in an exceedingly useful form. Lasers are used for cutting 

since the 1970s. The principle of this kind of material cutting consists in focusing the laser beam on a 

workpiece, the material heats up so much that it melts or evaporates. Insufficient quality of the performed 

cutting process is simply recognized through the visual condition of cut wall surface. Surface roughness is 

one attribute of surface integrity. Laser cutting process is concerned with the harmful aspects of surface 

integrity, particularly stresses, increased hardness and local deformation. In stufying the surface quality and 

integrity of the machined surface, the research is focused on residual stresses, surface and sub - surface 

deformation. Several reports on the integrity and quality of the surface produced by laser cutting appear in 

the literature [1-4]. The existing literature on laser cutting is concerned primarily with the understanding of the 

surface characteristics and residual stresses. In order to maintain an acceptable quality level of the 

workpiece and its surface integrity, it is important to select the optimum combination of machining. Nobody 

knows better than laser users that lasers have many features such as power or speed, which need to be 

regularly optimized and controlled when set in operation. These parameters influence surface integrity and 

therefore, their control and optimization seems to be crucial.  
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2. EXPERIMENT PROCEDURE 

Specimens were made from structural steel of type S355J0 in accordance with EN 10025-2:2004 with a 

pearlite-ferrite matrix, with a pearlite-ferrite matrix. It is a non-alloyed fine grain structural steel with a 

guaranteed cold weldability. It is suitable for welded structures with higher strength, for machinery parts, and 

transport equipments, for the production of low stress rotating parts. The mechanical parameters of the work 

material as specified by the manufacturer are follows: tensile strength Rm of 570.0 ± 5.7 MPa, elongation of 

23.00 ± 0.35 %, Young's modulus Emat of 206.00 ± 30.90 MPa and proof stress Rp0.2 of 360.0 ± 5.4 MPa. The 

cutting process was carried out using the optimum machine settings, i.e. the settings proposed by a control 

system after entering the parameters of the material being cut. For the realization of experiments, a cutting 

machine from Prima Industry - ZAPHIRO / CV5000 was used. It is a high-speed 2D laser cut machine. The 

selected laser source was a CO2 laser with a wavelength of 10.6 μm.  

3. MEASUREMENT PROCESS CHARACTERIZATION  

The surface topography was analyzed by means of a contact profilometr SURFTEST SJ401. The 

measurement was performed in single depth traces with a step of 0.5 mm (measured from the top edge of 

the sample). The morphology of the surface was analysed under SEM (a metallurgical microscope Olympus 

GX-41 was used). To measure the machined surface hardness, Vickers hardness tester was employed with 

a load of 100 g (9.807 N). The microhardness measurements were repeated for three inspection sections 

and the average values were finally adopted. It can be seen from Fig. 1 that the microhardness test results 

have the same trend for different cutting speeds [5]. Near the surface layer, the microhardness at 1 mm 

beneath the machined surface starts with a higher value than that of the bulk material. This value is about 39 

% higher than the bulk material hardness. The higher hardness generated is mainly due to high 

temperatures that develop after the first contact between the cutting tool and the work material. 
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Fig. 1 Microhardness measurement 

4. SURFACE INTEGRITY ANALYSIS 

The heat developed during cutting results in the change of surface characteristics or the surface integrity. 

These changes are seen in the form of increased surfaces microhardness and the generation of 

compressive and tensile flow stresses in material. Investigations presented here are based on investigation 

of the geometric features of the surface, material properties and technology characteristics (technology tool). 
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This paper presents a new 

approach for identification 

of the stress-deformation 

states of surface of 

materials cut by laser 

beam. Although many 

researchers are concerned 

with the aspects of the 

behavior under plastic 

conditions after laser 

cutting, they still do not 

consider all features of the 

surfaces, technology 

parameters and 

technological properties of 

the cut material. Our 

solution assumes the 

existence of a neutral plane 

h0 that is closely connected 

with the theory of elasticity and strength. Generally it is a case of the depth level in cuts, where tensile 

stresses and compressive stresses will be equalized. This neutral plane captures all changes in the process 

such as developments of mechanical stiffness of disintegration tool, resistance of the material and the overall 

dynamics of the process. The principle of the subject matter of the solution according consists in the 

selection of depth hx [mm] on the cut wall with well visible traces after the cutting tool. At this depth hx, local 

roughness Rax [μm] and deviation of the cut trace from the normal plane Yretx [mm] are measured (Fig. 2). 

Derivation of the main geometric characteristics of the cut wall are given in [5,6,7]. 

An analytical solution for the profile topographical function is very complex; this is the reason why an impact 

of an initial zone has not been taken into account, and why many authors replaced a functionality of the 

actually proved roughness Rad = f(h) by easier definable functions. This process has thus led to an 

idealization and distortion. The laboratory results are in many cases different; the researchers use different 

thicknesses, whereas they do not investigate the entire surface - they neglect an entry area (initial zone). 

Therefore, we derive more realistic approximation for a calculation of the actual surface roughness Rad with 

an use of an auxiliary function, which is dependent on deformation stress in the radial direction Rarad = f(σdef), 

where σdef = f (Yret, Emat). We are working with three types of surface roughness, where Ra is dedined as the 

roughness of cut trace at the depth hx as given by (1), Rad is the roughness in the radial direction (2) and 

also we use an auxiliary function Rarad (3), which is dependent on deformation stress in the radial direction 

Rarad = f (σdef), where σdef = f (Yret, Emat). The relation (4) presents the topographical function with direct 

influence of technology parameters  
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Fig. 2 Geometrical parameters of the cutting wall for CO2 laser cutting 
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where Raj is a unit parameter of surface roughness. A variable σsum in the above given equation represents a 

sum of tensile and compressive component of flow stress in material (5), σrz is the compressive component 

of flow stress in material, σret is the tensile component of flow stress. 

2 2
sum rz retσ (σ σ )             (5) 

The relation (4) for cutL0
0 j

0

K
h h

Ra
 , where 

12
0 0

cutL0 2
ret0 mat

Ra h 10
K

Y E


   is material divisibility and hj is a depth per 

unit of a dividing cut in (mm), show that a determination of geometric parameters and equilibrium plane 

position (Ra0, h0) is an important analytical factor. The main geometric features of the cut wall are given in 

Fig. 3. It also shows a possibility of identification of limit depths through the angle of deviation δ. Fig. 3 

contains the following symbols: hiz - depth of initial zone, hmd - depth at the point of δmax = 90° and hlim - limit 

depth of cut.  

 
Fig. 3 Main geometric features of EN S355J0 

Calculation of the optimal input parameters is realized by the newly derived equations (after an appropriate 

transformation into the regression relationships). The first component inside the parentheses in (1) with the 

important technology parameters vp, Wlas, p, d represents the technological constant Ktech. An analytical 

importance of technological constant Ktech lies in the interpretation of changes in one of the main technology 

parameters on the final surface roughness of the cut wall. It is used for the setting of different technology 

regimes of laser cutting according to (6), where ktech is the unitless constant for treatment units only. 

x x
tech

popt

tech

lasopt

p d
K

v
k

W

 
 
 
 

  
     

           (6) 

Its function is similar to a constant of machinability [8]. By linear regression were obtained relations (7), (8) 

and (9), which are useful in theory and practice for a complex determination of the operating parameters in 

laser cutting technology.  
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Laser cutting is a very complex process. To have the process cost effective and with the smallest energy 

losses, there is a need to optimize the technology parameters. A large number of parameters/factors are 

involved in the complex laser cutting process, and for this, it is essential to correctly determine the 

technology parameters. The following Figs. 4a and 4b illustrate the courses between optimized technology 

parameters vpopt and Wlasopt according to derived equations for steel grade S355J0 and cutting parameters 

recommended by laser manufacturer. It shows the suitability of using the prediction equations for on-line 

control of traverse speed of the cutting head, and thus to manage the process and final control of the 

roughness. There is achieved a high degree of conformity with the optimized parameters (see Fig. 4a) and a 

good agreement is also observed between the reached and optimized surface roughness RastrM and 

technological factor KtechM at the depth of cut hcut (Fig. 4b). In practice, this conformity presents a compliance 

with the projected depth of cut and surface roughness.   
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Fig. 4 Comparison of results in terms of the ratio between vpM and WlasM at the depth of cut for material - EN 

S355J0 

CONCLUSION 

The author's intention was to analytically express the most important aspects related to the surface integrity 

after laser cutting. Plastic deformation of the surface layers is usually identified by heavy plastic flowed 

layers. This is often visible under the microscope as 'white layers'. Such layers produce compressive 

components of flow stress in the surface. Functionally, the surface roughness Ra of the cut trace is related to 

the deformation parameters. Together with the mechanical parameter of cuttability of materials KcutL and 

immediate depth of cut h (t), the elements of the surface topography express an instantaneous and 

equilibrium stress-deformation state of the cut wall. Thanks to this approach, it is possible to predict limit 

depths, surface roughness and main deformation functions as can be seen from Fig. 3. There was also 

derived a set of equations taking into account the material properties and technology paramaters, which are 

connected with each other. Additionally, there was derived a new technology paramater Ktech that determines 
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a relation between the diameter of a nozzle and the gas pressure as the numerator and the ratio index 

between the cutting speed and laser power in the denominator. The setting of technology according to the 

specific parameter Ktech should be respected, for the purpose of optimization of the whole technology. The 

presented graphical illustrations come out from the derived equations presented above. Predictive 

computations are of great importance to the optimization of choice of technological parameters for machining 

and for ensuring the required quality of products. 

ACKNOWLEDGEMENTS  

Article has been done in connection with project Increasing of Professional Skills by Practical 

Acquirements and Knowledge, reg. no. CZ.1.07/2.4.00/17.0082 supported by Education for 

Competitiveness Operational Programme financed by Structural Founds of Europe Union and from 

the means of state budget of the Czech Republic and by project Integrita No.CZ.1.07/2.3.00/20.0037. 

LITERATURE 

[1] AHN, D. G., BYUN, K. W. Influence of cutting parameters on surface characteristics of cut section in cutting of 

Inconel 718 sheet using CW Nd:YAG laser. Transactions of Nonferrous Metals Society of China, 2009, vol.19, no. 

1, p. 32-39. 

[2] DING, H., SHIN, Y. C. Laser-assisted machining of hardened steel parts with surface integrity analysis. 

International Journal of Machine Tools & Manufacture, 2010, vol. 50, no. 1, p. 106-114. 

[3] DI PIETRO, P., YAO, Y.L. An investigation into characterizing and optimizing laser cutting quality — A review. 

International Journal of Machine Tools and Manufacture, 1994, vol. 34, no. 2, p. 225-243. 

[4] YILBAŞ, B.S. Experimental investigation into CO2 laser cutting parameters. Journal of Materials Processing 

Technology, 1996, vol. 58, no. 2-3, p. 323-330. 

[5] HARNIČÁROVÁ M., ZAJAC, J., STOIC, A. Comparison of different material cutting technologies in terms of their 

impact on the cutting quality of structural steel. Technical Gazette, 2010,vol.17, no. 3, p. 371-76. 

[6] HARNIČÁROVÁ, M., VALÍČEK, J., KUŠNEROVÁ, M., GRZNÁRIK, R., PETRŮ, J., ČEPOVÁ, L.. A New Method 

for the Prediction of Laser Cut Surface Topography. Measurement Science Review, 2012, vol. 12, no. 5, p. 195-

204.  

[7] HLOCH, S., VALÍČEK, J. Topographical anomaly on surfaces created by abrasive waterjet. International Journal 

of Advanced Manufacturing Technology, 2012, vol. 59, no. 5-8, p. 593-604. 

[8] JURKO, J., PANDA, A., GAJDOŠ, M. Accompanying phenomena in the cutting zone machinability during turning 

of stainless steels. International Journal Machining and Machinability of Materials, 2009, vol.5, no.4, 2009, p. 383-

400.  



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1063 

HOT CORROSION BEHAVIOUR OF CR MODIFIED ALUMINIDE COATINGS DEPOSITED ON 

NICKEL SUPERALLOY IN 713 LC 

Ján KAFRÍK a, Jaroslav TRNÍK a, Ondřej DVOŘÁČEK b 

a University of Alexander Dubcek in Trencin, Puchov, Slovakia,EU, 

kafrikjan@gmail.com, trnikjaro@gmail.com  
b PBS Velka Bites, a.s., Velka Bites, Czech Republic, EU,odvoracek@pbs.cz  

Abstract  

Hot corrosion behaviours of diffusion and Cr modified diffusion coatings are compared in the paper. Diffusion 

aluminide coatings are applied on nickel superalloy, creating a protective heat-activated Al2O3 layer, which 

acts as a protective barrier. The key to the success of Cr relating to elimination of corrosion is hidden in the 

fact that Cr2O3 can be dissolved to form several valence states and moreover, the solubility in basic melt 

depends on oxygen pressure. The result is a positive solubility gradient. Since Cr in the modified aluminide 

coatings is present in both, precipitates and Ni solid solution, it should prevent martensitic transformation of 

nickel rich β - NiAl. Whereas Cr increases Al activity in Ni-Al system, greater Al depletion should be tolerated 

before NiO forming on the surface. Hot corrosion is the accelerated oxidation of a material at elevated 

temperature induced by a thin film of fused salt deposit. Superalloys samples were coated by help of the 

method out - of - pack. Corrosive environment was created using tablets Na2SO4 at temperature 920 °C at 

Silesian University of Technology in Katowice, Poland. Hitachi SEM with EDS microanalysis was used for 

analysis of surfaces and cross -sections of the samples. 

Keywords: hot corrosion, diffusion coating, superalloys, spalling  

1. INTRODUCTION  

Blades and vanes made of nickel- base superalloys that are used in the hot sections of all gas turbine 

engines are coated to enhance resistance to hot corrosion [1]. The main types of protective coatings used for 

gas turbine components can be defined as follows: diffusion aluminide coatings, overlay coatings and 

thermal barrier coatings [2]. The most widely used coatings are those based on the intermetallic compound 

NiAl which is formed by the diffusion interaction of aluminium with surfaces Ni - superalloys [1]. Aluminide 

coatings have an ability to form a protective and slowly growing oxide (Al2O3) layer at higher temperature, 

which acts as a protective barrier separating the substrate material from aggressive agents in environment 

[3,4]. Chromium additions to β - NiAl compounds and coatings have been found to improve their resistance 

to hot corrosion [5]. Hot corrosion is the accelerated oxidation of a material at elevated temperature induced 

by a thin film of fused salt deposit. Fused Na2SO4 is an ionic conductor, so that the corrosion mechanism is 

electrochemical in nature [6]. There are generally two stages of hot corrosion. The first stage is known as the 

initiation stage and involves the breakdown of the protective oxide scale. The second stage is called the 

propagation stage, in which the salts have access to the unprotected metal and corrosion continues 

unabated at exceedingly high rates [7]. Hot corrosion is usually subdivided into two types: Type I (HTHC) 

and Type II (LTHC). Various parameters may affect the development of these two forms, including alloy 

composition and thermo mechanical condition, contaminant composition and flux rate, temperature and 

temperature cycles, gas composition and velocity and erosion processes [8, 9]. A protective scale can be 

maintained when the aluminium, chromium or silicon do not fall below their critical levels, e.g., 4-5 of weight 

% for Al. A rapid spallation of TGO can be also caused by internal oxidation, i.e., diffusion of oxygen into the 

coating. Disruption and spallation of the protective scale are exacerbated by a presence of impurities (mainly 

sulphur) on the metal/TGO interface. A general indicator of the protectiveness of the oxide scale is given by 

mailto:kafrikjan@gmail.com
mailto:trnikjaro@gmail.com
file:///C:/Users/konference/AppData/Local/Local%20Settings/Temporary%20Internet%20Files/Content.IE5/Local%20Settings/Temp/odvoracek@pbs.cz
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the Pilling-Bedworth Ratio (PBR) which is defined by the volume ratio oxide formed/metal consumed. The 

scale becomes fully protective when PBR ~ 1. PBR << 1 means that the oxide is porous and consequently, 

looses any protective properties. PBR > 1 is also connected with the fact that the oxide scale is highly 

compressed thus resulting in buckling and spallation [10]. Hot corrosion attack is minimized by the selection 

of an alloy or coating which is able to form a protective oxide which is resistant to the presence of the salt 

film [11].  

2. EXPERIMENTAL PART 

2.1. Composition of samples 

Samples were made of superalloy IN 713 LC (Table 1) by vacuum casting. First kind of sample was tested 

without coating. Al - coating was applied on the second type of samples and third type was coated by (Al+Cr) 

- coating. Sand blasting was applied on sample before deposition of coatings to preserve better adherence 

of coatings to substrate. Out - of - pack method was used for deposition of coating for 6 hours at 1050 °C. 

Thickness of coating was in the range (55 ± 5) μm. After coating deposition, heat treatment at 950 °C for 4 

hours was performed to provide change of brittle phases to NiAl phase. Aggressive environment was 

provided using tablets Na2SO4. Sodium sulphate is basic compound in corrosion salts which affect hot 

corrosion attack. 

Table 8 Chemical composition of IN 713 LC in wt. % 

 Cr Mo C Co Fe Zr Nb Al B Ti Ni 

wt. % 11.90 4.57 0.05 0.08 0.19 0.01 1.96 5.75 0.013 0.70 rest 

2.2. Methodology of test 

Samples of all types (tree types) with tablets Na2SO4 (0.3 g) were placed into the furnance a heated up to 

920 °C. During heating all the samples were taken from furnace after repetitive time cycles, photographs 

were taken and they were placed back to the furnace again (Fig. 1). This technique was repeated eight - 

times and time range of test was 101 hours. When the test was finished, the samples were cut (Fig. 2) and 

electron microanalysis was executed on surface and cross-sections. Samples were analyzed by scanning 

electron microscope Hitachi S 3400 - N with detector EDS.  

 

Fig. 1 Samples for hot corrosion test, a) before the hot corrosion test b) after hot corrosion test.  

Each type of sample has two pieces. Time duration of test was 101 hours at 920 °C. 
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Fig. 2 Macroscopic comparison cross - sections of samples: 

a) sample without coating b) sample with Al - coating c) sample with (Al+Cr) coating. 

3. ANALYSES OF SAMPLES 

3.1. Surface analyses  

Surfaces were analyzed by the help of plane analysis. Figs.  from BSE with areas for which EDS analyses 

were done gave us information about % ratio of elements in these areas (Fig. 3). Results of EDS analyses 

are summarized in Table 2. 

 
Fig. 11 Surfaces of samples with marked areas for EDS analysis  

a) sample without coating b) sample with Al - coating c) sample with (Al+Cr) coating. 

Table 2 EDS plane analyses of surfaces; chemical content of elements is in at. % 

Type of 
samples 

at. % Na-K Al-K S-K Cr-K Ni-K Nb-L Mo-L 

Sample without 
coating 

1 - 1.5 - 4.6 80.6 13.1 0.1 

2 - 4.4 - 2.7 92.9 - - 

Sample 
with 

Al - coating 

1 11.5 1.5 - 0.4 80.7 5.9 - 

2 16.7 23.5 1.3 32.6 22.2 - 3.3 

3 - 3.9 - 0.6 69.6 - 25.9 

4 14.3 2.6 - - 74.8 8.3 - 

5 12.8 19.1 0.5 11,1 51.0 3.5 2.0 

Sample with 
(Al+Cr) 
coating 

1 11.2 35.6 3.7 3.5 45.2 - - 

2 - 2.0 - 0.6 97.4 - - 

3 7.2 49.7 2.2 1.3 37.5 - - 

4 15.0 46.9 7.2 6.2 24.3 - - 
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3.2. Analyses of cross - sections  

Cross - sections of samples were also investigated by help EDS analyses. In this case plane analysis (Fig. 

4) and line analysis too (Table 4) were used. Results of this plane analyses are introduced in (Table 3). 

 
Fig. 4 Cross - sections of samples with marked areas for EDS analysis  

sample without coating b) sample with Al - coating c) sample with (Al+Cr) coating 

Table 3 EDS plane analyses of cross - sections with chemical content of elements in at. % 

Type of samples at. % Na-K Al-K S-K Cr-K Ni-K Nb-L Mo-L 

Sample 

without 

coating 

1 - 14.4 - 8.7 75.2 1.7 - 

2 - 16.6 15.2 16.5 51.7 - - 

3 - 15.0 26.0 15.6 43.5 - - 

4 - 6.6 - 2.4 87.0 - 4.0 

Sample 

with 

Al - coating 

1 18.7 5.1 3.8 10.6 61.7 - - 

2 47.9 7.5 18.0 10.4 14.5 - - 

3 15.2 7.6 3.1 11.0 62.7 - - 

4 - 8.8  17.4 73.8 - - 

5 4.7 17.5 3.2 22.4 48.3 - 3.0 

6 - 8.5 6.0 5.6 79.2 - 0.7 

Sample with 

(Al+Cr) 

coating 

1 3.4 20.3 0.4 29.5 46.0 0.4 - 

2 4.9 - - - 94.7 - 0.4 

3 17.7 12.0 4.5 14.4 50.2 - - 

4 19.3 11.2 4.3 22.6 42.1 - - 

5 8.4 19.4 6.2 33.5 27.4 2.4 - 

6 24.3 15.6 9.6 27.5 18.4 2.6 - 

7 - 6.5 - 1.4 87.6 - 4.5 
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Table 4 Line analyses of cross - sections after 101 hours of hot corrosion test at 920 °C. 

 Sample without coating Sample + Al - coating Sample + (Al+Cr) coating 

Na 

   

Al 

   

S 

   

Cr 

   

Ni 

   



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1068 

4. DISCUSSION AND CONCLUSION 

Observations of samples surfaces without coating, with Al and (Al + Cr) coating, can be evaluate as follows: 

 Macroscopic analysis of samples revealed that Inconel 713 LC without coating show the biggest 

corrosion attack and tested sample is cracked deeply to the surface (Figs. 1, 2). 

 From macroscopic point of view, compared surfaces of samples with Al and (Al + Cr) coating were 

similar and corrosion compounds did not attack samples in such aggressive way in comparison to 

samples without coating (Figs. 1, 3) - corrosion attack for samples without coating was much higher 

than for samples with Al and (Al + Cr) coating. 

Plane and line analyses were used for evaluation of samples cross - sections in relation to Na and S 

compounds. In this case we can summarize:  

 Sample with (Al + Cr) coating has more steady distribution of Na and S compounds than the sample 

with Al - coating (Table 3). 

 Plane analysis of substrate of sample with (Al + Cr) coating did not show the presence of corrosion 

compounds Na and S near the interface substrate/corrosion products but the sample with Al - coating 

showed the presence of both (Table 3).  

 S and Na penetrated to the depth under the surface and bounded the elements from the substrate. It 

formed decohesion which led to micromechanism of spalling (Fig. 4). 

On the basis of results from planes EDS analyses of surfaces and planes and line EDS analyses of cross - 

sections, we can conclude that corrosion resistance of sample with (Al + Cr) coating is better than corrosion 

resistance of sample with Al - coating and it means that (Al + Cr) coating can be benefit for application. 
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Abstract 

This contribution deals with a patterning of thin metallic layers using the masking technique by electron beam 

lithography. It is mainly concentrated on procedures to prepare finger structure in thin Gold layer on 

electrically isolated Silicon wafer. Both positive and negative tone resists are used for patterning. The thin 

layer is structured by the wet etching or by the lift-off technique. The prepared structures are intended to be 

used as a conductivity sensor for a variety of sensor applications. Patterning of the thin layer is performed by 

the e-beam writer with shaped rectangular beam BS600 by direct writing (without the glass photo mask). 

Besides the main technology process based on the direct-write e-beam lithography, other auxiliary issues 

are also discussed such as stitching and overlay precision of the process, throughput of this approach, 

issues of the thin layer adhesion on the substrate, inter-operation control and measurement techniques. 

Keywords: Gold etching, lift-off, electron beam lithography, interdigitated sensor. 

1. INTRODUCTION 

Development of inter-

digitated sensors has 

received considerable 

attention in last years 

when these structures 

have been widely 

used in tele-

comunication, bio-

technology, chemical 

sensors, acoustic 

sensors, micro-

mechanical aplication 

and humidity sensors 

[1, 2]. Each of these 

aplication requires 

appropriately designed structures with properties enabling intended purpose. The main goal of this 

contribution focuses on interdigitated structures fabrication using shaped E-beam writer and additional 

technologies to it (etching, plasma etching, metal sputtering) [3, 4, 5]. 

2. DESIGN OF INTERDIGITATED SENSORS 

It was intended that sensors will be used for biological application. Due to this requirement, interdigitated 

electrodes had to be fabricated from gold. Silicon wafer used as a substrate had to be electrically isolated 

which provides silicone dioxide layer of 130 nm thick. Sensor application required chemically resistant layer 

all over the sensor apart from interdigitated electrodes area and bonding pads (design of sensors is in Fig. 

1). As the resistant layer electron resist SU-8 was used [6].  

2,2 

0,5 

1,14 

1,2 

3,1

8 

0,5 

0,005 

0,005 

0,005 

Fig. 1 Design of interdigitated sensors (mm scale) 

mailto:kolariq@isibrno.cz
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3. WET ETCHED GOLD INTERDIGATATED SENSORS 

Wet etching of gold over the resist mask was the first testing approach to prepare interdigitated sensors. The 

gold layer of thickness 100 nm thick gold layer was sputtered on silicon wafer (covered with silicone dioxide). 

Then negative resist SU-8 (etching mask) was spin-coated onto the wafer. Desired pattern was exposed by 

e-beam writer BS600. After developing process gold layer was etched by standard Sigma-Aldrich gold 

etchant [7]. Final etched electrodes are shown in Fig. 2. 

  
Fig. 2 Wet etched gold interdigitated electrodes 

Fig. 2 shows that electrode edges are not very uniform. Non-homogenous etching causes different size 

of electrodes on different substrate position (gold etchant remains for several seconds on some areas on 

substrate during the cleaning process and gold is etched further). Optical inspection (CLSM) was carried out 

in this phase of microstructuring to determine the yield of this approach. The yield was 63 % (63 of 100 

sensors), which was acceptable. 

In order to spin-coat second resist layer of SU-8 the resist mask was removed in oxygen plasma after optical 

inspection and subsequently the same procedure as in the first exposition was repeated (precision of second 

exposition is sufficient - Fig. 3). Throughput of this approach (from preparing substrate to optical inspection 

before laser cutting) was about five days for one wafer (plus three days for preparing data for e-beam writer). 

Complete sensor prepared for laser cutting is shown in Fig. 3. 

 

 
a) 

 
b) 

Fig. 3 Sensor covered with chemically resistant layer (a), overlay precision of second exposition (b) 

desired position 5 μm shifted  
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Main issues of unsuccessful process repeating were as follows: impossibility to control the etching process (it 

runs too fast to precisely determine the right etching time), weak adhesion of gold layer on silicon dioxide in 

following procedures (cleaning after laser cutting, bonding,…). 

4. INTERDIGITATED SENSORS PREPARED BY LIFT-OFF TECHNIQUE 

Lift-off is an additive technique as opposed to subtracting technique like etching. It is based on sacrificing 

layer, in which is fabricated desired pattern. There are several lift-off techniques, which are different in 

number of layers and their composition. We used lift-off technique, which takes advantage of two resist layer 

differing in their molecular weight. The bottom layer has lower molecular weight than the top layer. Because 

of that the bottom layer dissolves faster than the top layer and it creates undercut effect, which helps to avoid 

coverage of side walls by sputtered metal [6, 8]. Lift-off process steps are shown in Fig. 4. 

 

 

 

 

 

Fig. 4 Lift-off process steps, a) deposition of first resist layer, b) deposition of second resist layer, 

c) patterning sacrificial layers (exposition, developing), d) deposition of metal, e) dissolving of the sacrificial 

layers, f) final pattern 

Positive resist PMMA [9] was used for both sacrificial layers. Bottom layer had molecular weight of 350k and 

it was 14 %wt solution in anisole. The bottom layer was baked on hot plate at 150°C for 30 minutes. 

The thickness of the layer was 760 nm. The top layer had molecular weight of 950k and it was 6 %wt solution 

in anisole. The top layer was baked on hot plate at 175°C for 30 minutes. Total thickness of both resist layers 

was 1050 nm. After resist baking the exposition was done (dose of 14 µC.cm-2). We used acetone based 

developer for chemical developing. Some undesirable issues as cracks on electrodes (because of stress 

in such a thick resist layer) occurred after wet developing. Also acetone based developer is aggressive. Due 

to this there is a small technological window in developing process. If developing time is too short, there can 

be some resist residue on the silicon dioxide surface and if developing time is too long, there can be cracks 

on electrodes or electrodes can be totally shifted and they can overlap each other.  

 
a) 

 
b) 

Fig. 5 a) areas between electrodes covered by gold, b) short-circuited electrodes 

After chemical developing we removed resist residues from silicon dioxide surface in oxygen plasma [10]. 

Afterwards thin gold layer (approximately 100 nm) was sputtered onto the wafer [4]. Sacrificial resist layers 

were dissolved in trichlormethane for a several seconds and undesired gold layer was washed away. 

However there were some areas between electrodes still covered by gold (Fig. 5a). Due to the cracks in 

a) b) c) 

d) e) f) 
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resist layer some electrodes were connected by very thin strip of gold (Fig. 5b) resulting in short-circuit of the 

whole sensor, which makes the sensor unusable. We tried to clean wafer in trichlormethane bath in 

ultrasonic cleaner to remove remaining gold between electrodes. Most of gold (even gold on desired places 

like electrodes, bonding pads…) was washed out after few seconds in ultrasonic cleaner. 

Throughput of this approach was same as in first approach (etching) about five days (data for e-beam writer 

were the same). 

The biggest problem of this approach was adhesion of gold to silicon dioxide. To improve gold adhesion we 

sputtered thin layer of chromium (approximately 10 nm) onto the silicon dioxide before gold sputtering. 

The adhesion differed significantly. After washing wafer in trichlormethane we can remove easily remaining 

gold between electrodes in ultrasonic cleaner without damaging of sensor pattern. However problem 

with short-circuited electrodes remains same as problem with small technological window of acetone based 

developer. 

It was necessary to completely change resist deposition parameters (resist layers thickness, baking time, 

less aggressive developer) to avoid these problems. 

Again we used PMMA for both sacrificial layers, but in different concentration. The bottom layer was 9 % wt 

in anisole (molecular weight 350k). The bottom layer was baked on hot plate at 100°C for 10 minutes, then 

at 125°C for 10 minutes and finally at 150°C for 10 minutes. The thickness of this layer was approximately 

500 nm. The top layer was same as in the first case. However baking process was different. The top layer 

was baked on hot plate at 100, 125, 150 and 160°C, each step took 10 minutes. Total thickness of both 

layers was approximately 800 nm. Thereafter sensors pattern was exposed (dose of 20 μC.cm-2). We used 

pentyl acetate for developing process. This developer is not aggressive as acetone based one, therefore 

developing took longer time. Total developing time was 40 minutes. 

Optical inspection confirmed that there were no cracks on electrodes after developing process. Necessary 

oxygen plasma treatment was carried out after chemical developing. Between the developing process and 

metal deposition it is necessary to let the substrate dry out for several hours at room temperature. Afterwards 

thin layer of chromium was sputtered onto the wafer (as layer improving adhesion) and then the gold was 

sputtered. Next we used trichlormethane bath in ultrasonic cleaner to remove sacrificial layers with 

redundant gold. There were no gold residues between electrodes and gold pattern withstood the cleaning 

process without damage. The optical inspection determined yield of 87,5 % (105 of 120 sensors) for this 

approach. 

After the cleaning process we deposited SU-8 resist and resistant layer pattern was exposed onto the wafer. 

Then the chemical developing was carried out and the whole process was finished. Completed sensors are 

shown in Fig. 6. Throughput of this approach was 6 days. 

  

Fig. 6 Sensor covered by chemical resistant layer prepared by lift-off technique. 
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5. RESULTS 

We successfully tested two approaches of gold interdigitated sensors fabrication, wet etching and lift-off 

technique. According to our results lif-off technique is more suitable for this process. Final process consists 

of these steps: 

1) deposition of first sacrificial resist layer - PMMA 350k, 9 % wt solution in anisole, 

2) baking on hot plate at 100, 125 and 150°C, each step for 10 minutes, thickness of layer is about 

500 nm, 

3) deposition of second sacrificial resist layer - PMMA 950k, 6 % wt solution in anisole, 

4) baking on hot plate at 100, 125, 150 and 160°C, each step for 10 minutes, thickness of second layer is 

about 300 nm, 

5) pattern exposition by e-beam writer BS600, dose of 20 μC.cm-2, 

6) chemical developing with pentyl acetate for 40 minutes, oxygen plasma treatment (100 W, 1 minute), 

7) drying out the substrate for several hours, 

8) chromium deposition (10 nm), gold deposition (100 nm), 

9) removal of sacrificial layers in trichlormethane bath in ultrasonic cleaner. 

6. CONCLUSION 

We created deep precise microstructures in double resist layer and consequently we fabricated metallic 

layers microstructures for sensor application. As we enhanced thin gold layer adhesion we improved 

cleaning process. 
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Abstract 

This paper deals with the analysis of bonded joints strength for the newly developed surface treatments 

which can serve as a possible application at car-body production. This analysis and comparison is carried 

out with commonly used car-body sheets surface treatments. With using new materials there is always 

necessity to test utility properties of individual bonded car-body part especially at shear loading, peeling, in 

dependence on the adhesive and lubricant used in the drawing technological process. 

There is still wider using of adhesive bonding technology in the automotive industry. Such technology 

frequently represents just one possibility to bond materials and not to scratch bonded surface or to bond two 

different materials. So it offers many benefits in comparison to the conventional bonding methods. 

Keywords: Adhesive Bonding, Surface Treatments, LubriTreat, NST, Car-body 

1. INTRODUCTION - THE ADHESIVE BONDING TECHNOLOGY  

Generally bonding belongs to the advanced methods to bond different materials with regard to the 

achievable savings - not only financial but there are also great savings of materials and time. Quality or 

failure rate of bonded joints depends on many parameters as is e.g. selection of bonded material, 

modification of bonded surface, selection of adhesives and so on. Bonded joint achieves its optimal 

properties only under compliance of all technological fundamentals. In many cases well-arranged bonded 

joints can not only to eliminate welding difficulties but in addition they add to bonded structure also some 

other favourable properties. [1]   

2. THE ADHESIVE BONDING IN THE AUTOMOTIVE INDUSTRY  

The adhesive bonding technology nowadays already represents an integral part of the technological process 

for car-body production. These days it can replace some traditionally methods of material bonding as e.g. 

welding, soldering eventually rivets or screwed joints. Nonetheless adhesives which are commonly used 

these days do not fulfill only sealing, anti-noise or anti-vibration requirements but they are also used as 

structural bonded joints which greatly influence car-body strength and stiffness thus also its safety and 

comfort as a whole. 

Increasing requirements on the produced car components quality are forcing producers to provide monitoring 

of functional car-body parts properties already from the beginning of the production by drawing technology 

up to the subsequent bonding of individual parts by adhesive bonding. Surface of sheet and whole sheet as 

a semi-product thus represents one of the crucial role at such production.    

2.1. Importance of the sheet surfaces 

Sheets as a partial component of the car-body are produced by deep-drawing technology. On such parts of 

ca-body produced by drawing are at car production set quite high requirements - especially about the 

mailto:michaela.kolnerova@tul.cz
mailto:jiri.sobotka@tul.cz
mailto:pavel.solfronk@tul.cz
mailto:pavel.doubek@tul.cz
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surface quality. Sheet as a construction material has to fulfill not only requirements for forming but also for 

the other processing. Lately there is great interest focused on the development of the new car-body sheet 

panels and their coating. With regard to fact that after drawing there is quite often bonding of sheets by 

adhesive bonding is truly necessary that beside tribological properties these surfaces and coatings are also 

able to fulfill strength requirements for bonded joints. That is why sheet produces are still trying to develop 

such production methods for new materials and new coating types. It is very difficult measure the real 

behavior of surfaces at forming and bonding and that is why that tribological simulation tests and bonded 

joints strength tests are carried out in laboratories. 

3. EXPERIMENTAL PART - BONDED JOINTS STRENGTH  

The aim of this paper was by means of experimental tests to determinate bonded joints quality for newly 

developed sheet surface treatments and to compare functional properties of new surfaces with the 

commonly used surfaces. Tests were carried out at the Department of Engineering Technology in Technical 

University of Liberec which closely cooperates with the prime automotive produces in the Czech Republic 

Škoda Auto Inc. in the branch of bonding at evaluation thin sheets utility properties.   

For testing were chosen 3 types of substrates. In the Fig. 1 are shown scans from the electron microscope 

for different substrates (magnification 480x).  

 

HX 220BD Z100MBO - hot dip galvanized (HDG) sheet is commonly at car-body panels series production 

NST (New Surface Treatment) is surface treatment that is developed for zinc coated sheets. The main effort 

of producers is that NST both can lower friction coefficient thus it can be able to replace phosphate coating, 

to remove or lower oil demands at drawing and to reveal good cohesion at bonding. 

LubriTreat ® (LT) is newly 

developed ultra-thin organic 

coating from the company 

ThyssenKrupp Steel Europe AG 

which was developed within the 

cooperation with the lubricants 

producers Castrol. It is a special 

surface treatment created on the 

zinc layer. Such layer (as well as 

NST) should improve mainly 

tribological properties at 

drawing. Acc. to producer LT is possible to use as an alternative at conventional forming in place of 

lubricants needed for drawing or phosphate coating. Surface reveals lower friction, lower wear and decrease 

of forming forces. [3,4,5].  

a) b) c) 

Fig. 2 LubriTreat application on the sheets surface [6] 

 

Fig. 1 a) Sheet HDG, b) sheet with NST surface NST, c) sheet with LubriTreat surface [2] 
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LT is a water solution based on the hypophosphoric acid 

esters which create organic coating. Contrary to the 

inorganic coatings which contains heavy metals, this coating 

ensures lowering of friction between tool and formed 

material during the forming process thus markedly improve 

tribological properties at drawing. LT don not reveal sag at 

storage and do not influence the subsequent processes as 

is e.g. welding or bonding. [3]   

In the Fig. 2 is shown the procedure of LT layer application 

on the steel coil by means of nozzles and subsequently the 

surface is oiled by anticorrosion lubricant. The benefit of LT 

is the application of the tribologically active additives 

necessary for forming on the steel surface at first layer. It is 

followed by lubrication in the next step. Distribution of 

tribologically active additives concentration on the sheet 

surface at using LT is shown in the Fig. 3.    

3.1. Experimental conditions 

Substrates with the basic mechanical properties:  

 HX 220BD Z100MBO    Rp0,2 = 220 - 280 MPa,  Rm = 320 - 400 MPa 

 NST         Rp0,2 = 219 MPa,  Rm = 352 MPa 

 LubriTreat      Rp0,2 = 213 MPa,  Rm = 330 MPa 

Adhesives: Betaguard RB 214 BV, Terokal 8026GB-25, Terostat 3208 PA-25, Sika Power 492G 

Lubricant: Anticorit PL 3802-39S - Prelube oil (only sheet HX 220BD Z100MBO lubricated, amount 3gm-2) 

Testing conditions fulfilled the requirements of the standard ISO 11 339 (T - Peel test) [7] 

3.2. Evaluation of the bonded joint strength  

 

There were carried out tests for determination bonded joints strength at peel test according to ISO 11339 [7] 

for the tested samples (Fig. 4). As a result of these tests there was calculation of the mean peel strength    

Fsab (N/mm) for combination of individual adhesives and substrates (see Fig. 5)  

Fig. 3 Distribution of tribologically active 

additives concentration on the sheet surface 

Fig. 4 Standardized sample and the principle of the peel test 
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Experimental measurement was carried out under the chosen test conditions (see chap. 3.1.). For tests were 

chosen rubber adhesive Terostat 3208 PA - 25 (cushions), Betaguard RB 214 BV (structural) and epoxy 

adhesives - structural Terokal 8026GB - 25, Sika Power 492G are used in the automotive industry for the 

car-body parts bonding. As a lubricant there was used ANTICORIT PL 3802-39S. It is a prelube oil which is 

used as a slush in steel plants or these days it is commonly used for steel sheets drawing.    

From the results (Fig. 5) it is obvious that measured peel strengths for the adhesive Betaguard RB 214 BV 

were the lowest from the structural adhesive. In addition is clear that in the case of the adhesive Betaguard 

RB 214 BV was the highest strength value for the reference sheet HX 220BD Z 100 MBO (4.64 N/mm). So 

the other surface treatments revealed the decrease of strength where the highest decrease was measured 

for sheet with LubriTreat (decrease by 13.6 %). 

At the adhesive Terokal 8026BG - 25 was the highest peel strength measured for the substrate HX 220BD 

Z100 MBO (5.51 N/mm). Thus there was strength decrease for the other surface treatment again. There was 

not determined any participation in the bonded joint strength increase by new surface treatments (NST and 

LubriTreat) in this case. 

There is obvious markedly lower peel strength for the adhesive Terostat 3208 PA-25 in comparison to the 

other adhesives. That is due to the reality that Terostat 3208 PA-25 is a cushioning adhesive and these 

adhesives generally have lower peel strength than the structural adhesives. From the graphs is clear that for 

this adhesive was measured the lowest values of peel strength rigth for the substrate HX 220BD Z100 MBO 

(1.74 N/mm). Thus the both surface treatments revealed increase in peel strength. Based upon the tests it is 

possible to state that in the case of adhesive Terostat 3208 PA-25 have new surfaces positive influence on 

the bonded joint quality and that there is increase in strength up to 31 % (for NST).    

In the case of the adhesive Sika Power 492G was the highest strength measured at the substrate HX 

220BD Z 100 MBO (7.98 N/mm) and the lowest was measured for the materials NST and LubriTreat (there 

was decrease by 23.4 % and 32.8 %). Within the results comparison it is obvious that differences between 

Fig. 5 Mean peel strength of the individual substrates with regard to the type of adhesive 
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tested substrates are markedly higher than for the previous adhesives. From the peel strength point of view 

that new surfaces (NST and LubriTreat) revealed the worst results.  

3.3. Evaluation of the bonded joint fracture type  

To evaluate the bonded joint quality acc. to standard ČSN ISO 10365 means that there is evaluated the 

fracture type. The basics fracture types are shown in the Fig. 6: CF - cohesion fracture, SCF - special 

cohesion fracture, AF - adhesion fracture. In Table 1 are summarized results for all adhesive-substrate 

combination. There was not proved any AF fracture type which is non-permissible for bonding technologies.  

 

Table 1 Results for the fracture types of substrates [2] 

CONCLUSION 

The submitted results from the experimental laboratory tests (Fig. 5 and Table 1) proved some facts about 

using the new surface types NST and LubriTreat. No always are results favourable for these surfaces. 

However it is truly necessary to take into account that bonded joint quality strongly depends on many 

parameters as is e.g. amount and type of used lubricant, type of substrate and its morphology or surface 

treatment. Quantity of variable parameters makes the testing of bonded joints quality quite difficult and 

requires continuous gathering and deepening knowledge about influence of these factors. For the new 

surface types application in the serial production in the automotive industry will be necessary to define 

specific properties of these surfaces with regard both to the requirements for good formability and also to the 

bonded joint quality.  
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 Terostat 3208 PA25 Betaguard RB 214 BV Terokal 8026GB-25 Sika Power 492G 

 CF SCF AF CF SCF AF CF SCF AF CF SCF AF 

HDG 100   99 1  90 10  100   

NST 100   100   100   15 85  

LT 100   30 70  100   10 90  

Fig. 6 Fracture types acc. to ČSN ISO 10365 [8],example of samples [2] 
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Abstract  

In many companies is the main technologists problem reduce of production costs. One of the many solutions 

this problematic is almost 100 % utilization tools durability. In companies that use serial line is not used full 

tool durability. They prefer change the insert previously that they risking worse than requesting surface 

quality or their total damage due to destruction cutting edge. For this reason is usually fixed cutting tool 

durability, after which is cutting edge change, if it is still able to cut with required quality of machined surface. 

This leads to increase non-productive times and to waste money for tools.  

There are many ways of cutting edge diagnostic that can detect wear of cutting edge during machining. 

None of these diagnostics method is not widely yet. The reason can be complexity evaluation, special 

requirements for using, high demands on technical equipment or high price. 

This paper deals with using of diagnostic methods for monitoring cutting edge wear by resistive layers on 

selected types of material. The method of cutting tool diagnosis by resistive layer has the potential for mass 

adoption. This diagnostic method is very suitable for unattended machining system, especially due to 

simplicity and ease of applicability for machine tools and opens wide possibilities.  

Keywords: Cutting; Resistive Layer; Ceramics 

1. INTRODUCTION 

The main scientific goal is to determine the usability of resistive layers on the cutting edge in practice. 

Currently, for the calculation of tool durability it is used Taylor formula (1). From this calculation the value of 

the tool durability is not very accurate. Machined material does not always have the same parameters as the 

material, on which the tests are made. It can be reason for different material constants in comparison with 

actual situation. Therefore, to ensure the quality of machined surface, the inserts are changed earlier than 

the tool life is calculated. When using resistive layer, tool can use whole his tool life in concrete conditions. 

[2] 

          (1) 

where: Tn - tool life [min] 

 vc - cutting speed [m·min-1] 

 CT - constant [-] 

 m - exponent [-] 

1.1  Tool with resistive layer  

Resistive layer is a conductive coating applied on a dielectric base. This layer is used on tool material and 

this is reason for a many requirements it must fulfil. The required properties of the coating material are: high 

surface hardness, high wear resistance, low friction coefficient and other properties, which can improve tools 

durability. For this purpose is possible used a few types of coating. For the diagnostic purposes of tools is 

important conductivity coating and also that the coating on the tool created an electric conductor (Fig. 1). 
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With this is possible to get a sensor that can get information about tool. This wire has its electrical properties. 

When an electrical circuit is established is one of this electrical properties electrical resistance, which is chalk 

up. In the machining process is wear coating by the known mechanisms of wear and the tool is also wear. 

Resistive layer has its size, thickness and width determined from production. Width of layers correspond 

permissible (optimum) tool wear. This permissible wear determine technologist and it can be varies 

according to the quality requirements for machined surface. When the size of wear is wider than the width of 

the resistive layer, electrical circuit is interrupted, electrical resistance has value 0 Ω and at the same time it 

is reached criteria of tool wear and tool must be changed. Thickness of resistive layer corresponding with 

thickness of coated layer according to [4] is 3 - 20 μm. [6] 

2. EXPERIMENT DESCRIPTION (SPECIFIED PARAMETERS) 

2.1  Machine-tool 

The experiment was done on a universal centre lathe Bulgarian production C11 MV. Machine output is 

15 kW. Maximum speed is 1800 min-1.  

2.2  Cutting tool - The insert from Kyocera - KS 6000 

For the experiment was used inserts from cutting ceramics type KS 6000 with resistive layer from TiN. The 

method of applied of resistive layer is know-how of the Kyocera company. The basics material is cutting 

ceramics based on Si3N4. [1] [5] 

 
Fig. 1 Tool holder and insert 

2.3  Tool holder XCSRNR2525M-1207SEN 

For the experiment was used special tool holder for lead electric signal by the body of tool with clamping of 

insert square shape. Angle of the main blade after inserting the insert is κr = 75°. The angle of the back insert 

is αn=0°. It is right tool holder with the cross section 25 x 25 mm and length 150 mm for square inserts with 

the length of edge 12 mm and thickness of 7 mm. After clamping insert is back angle αn=20°. Insert is in 

negative. [1] 

2.4  Machined material 

Workpiece material is chosen with respect to wider experimentation. For describe of behaviour the tool with 

resistive layer on various machined materials. As machined material was selected steel 15 128 (13MoCrV6). 

It is low-alloy steel, ferritic-magnetic. This steel is a creep and it is used for energy and chemical equipment. 
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2.5  Measuring equipment 

For measuring and recording electrical resistance was used dataloger ALMEMO 2590-4S. Wear insert was 

measured microscopic method by microscope INTRACO Micro. The temperature was measured using 

infrapyrometer AMIR 7838 - 21.  

2.6  Selected cutting parameters 

Throughout the experiment was maintained constant depth of cut ap = 2 mm and constant feed per speed 

f = 0.15 mm. Cutting speed was changed according to the worpiece diameter and speed capabilities range 

machine. During the experiment cutting speed was vc = 165 - 289 m·min-1.  

3. EVALUATE THE MEASURED DATA 

 
Fig. 2 The dependence of electrical resistance and wear on time at each cut [3] 
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From the recorded date was compiled 

graph on Fig. 2, where on the left vertical 

axis are values of electrical resistance and 

on the right axis are values of achieved 

wear. On the horizontal axis are machine 

time data. The colours in graph represent 

the individual sections on the material and 

in the legend of the graph are wrote the 

lengths of cut in process. From the graph 

(Fig. 2) can be seen reaching of wear 

criteria at fourteenth section (pink colour). 

Achieving optimums wear lead to interrupt 

resistance layer and after getting out of the 

cut has electrical resistance zero value. To 

test the behaviour of resistance layer was 

made next cut. In this section showed that 

after moving to cut bridging the resistive 

layer by the machined material and electrical resistance is recorded. Electric resistance has zero value after 

getting out of the cut. From the graph is possible to see increasing electrical resistance during each cut. This 

growth is due to the increase of temperature during the cut. Approaching achievement of wear criteria 

prefigure increasing amplitudes of electrical resistance values at getting out of the cut. Fig. 3 shows the wear 

after eighth cut. Resistive layer is not interrupted.  

4. CONCLUSION 

Experiment proved that resistive layer on cutting edge can indicate achievement of wear criteria out of cut. 

The tool uses this technology don`t need move to some sensor or detection ray for determine wear, but just 

crossing between cuts. In the automated processes is possible use the insert in order to achieve maximum 

wear. With resistive layer is also possible to detect unexpected events such as tool breakage, etc. 

unattended. From experiment also follows need to explore the dependence of the electrical resistance and 

resistive layer behaviour for the future use. For example, by electrical resistance depending on temperature 

would be possible monitor the temperature in the cut.  
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Abstract 

This study is one following previous work realize on the copper wires. In this work we examine the evolution 

of the microstructure, the texture and the mechanical and electrical proprieties on of the DUCAB 

(99.97 % Cu) copper wires.  

On the drawn wires, the microstructural analysis showed a microstructure with grains deformed and 

lengthened parallel to the axis of wiredrawing. After annealing, the microstructure became normal with a new 

distribution of the grain size, the grain size increased slightly for small and medium deformations and has 

almost doubled for large deformations (> 80 %).  

Measures of texture carried out by EBSD, revealed the presence of two competitive fibers <111> and <100> 

to the deformations less than 45 % in the drawn wires. Beyond this deformation it is the fiber <111> which 

becomes majority. On the other hand, in the recrystallized wires it is only the fiber <111> which was majority 

even for the weak deformations. 

With regard to the mechanical and electrical proprieties, we can say that wiredrawing deteriorates these two 

proprieties. Indeed, we found the decrease in elongation (% A) of the drawn wire according to the 

deformation increases. There was also an increase in the strength at break (Rm) and electrical resistivity (). 

After recrystallization annealing at 260 °C for 30 minutes, these proprieties were stabilized at values very 

close to those of the wire machine (the initial state) for all studied deformations. 

Keywords: wiredrawing, recrystallization, microstructure, texture, fiber <111> 

1. INTRODUCTION 

In spite of the appearance of new alloys, some with good electric conductivities, others with high mechanical, 

physical and chemical performance; however copper remains the only metal which joined together these 

properties at the same time. For these reasons copper remain the one of the most popular metallic materials 

used for electric wire applications [1]. 

The drawing is the process by which electrical cables are manufactured. The drawing is to reduce the size of 

a wire by passing through one or more dies, under the effect of a tensile force (stretching). The structural 

changes brought about by the cold plastic deformation affect the properties of metals. In this work some of 

these changes like: microstructure, texture, some mechanical properties and electrical resistivity are 

investigated. 

The texture of Cu grains exhibit a major <1 1 1> and a minor <1 0 0> fiber texture in the as-drawn wire 

condition [2]. This texture is intensified with an increasing number of passes and the ratio of these two 

components varies greatly with stacking fault energy [3]. The drawing causes a lengthening of grains along 
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the axis of wiredrawing. Like any deformation, wiredrawing causes also a hardening of the structure [1, 2]. 

The electrical proprieties of copper are still little approached in literature. 

2. STUDIED MATERIAL AND EXPERIMENTAL PROCEDURE 

The studied material is a commercial DUCAB copper wire-drawn to different ratio of reduction. In this study, 

we defined a deformation level which is calculated by the following relation:  

100



i

fi

S

SS


           (1) 

Where: Si designates the section of the initial state 

Sf designates the final sections of the wire  

Table 1 Chemical composition (ppm) of the used copper 

Impurities in ppm, in the copper DUCAB (Cu min = 99,97 % mass) 

O2 S Fe Ni Zn C Sb Bi As Te Mn Co Ag Pb Cd Zr Si Se 

220 3,6 0,8 2,1 0,1 0,9 0,4 0,1 0,4 0,1 0,3 0,02 0,4 0,2 0,01 0,1 0,02 0,2 

The methods of characterization used within the framework of this study are: electron back scattering 

diffraction (EBSD), optical and electronic microscopy, microhardness, the tensile test and the measurement 

of electrical resistivity. 

3. RESULTS AND DISCUSSION 

3.1. Texture 

We should mention that the as received wire (initial state) present an isotropic structure, therefore has no 

texture in its microstructure 

3.1.1. Drawn state 
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Fig. 1 IPF of <111> and <100> fiber for the drawn 

state; a)  = 40 % , b)  = 90 % 

Fig. 2 IPF of <111> and <100> fiber the for 

annealed state; a')  = 40 %, b')  = 90 % 
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The EBSD analysis carried out for pole Figs.  (Fig. 1a and b) shows the appearance of a texture parallel to 

the axis of drawing, consisting of two fibers <111> and <100>. This made up texture was observed in most 

works studying deformed copper [4-7]. In some works [6, 8, 9] the alone <111> fiber was observed. For all 

deformations examined, it was found that the intensity of the <111> fiber increases strongly than the <100> 

fiber (Fig. 1b). This reflects that the majority fiber is the fiber <111> for the cold-drawn copper. 

On ODF (Fig. 3a and b) the opposite happens, the intensity of the <111> and <100>fibers at deformation 

level  = 90 % has decreased compared to that of  = 67 %. In contrast, the surface of ideal positions has 

increased. In their work Tóth and al. and Jakani and al. found that for strongest deformation (>90 %) it is 

rather the fiber <100> which is more stable than the fiber <111>. 

In conclusion we note that the wire-drawn texture in copper can be described as a combination of two fibers 

〈111〉 and 〈100〉 where <111> is the majority fiber. 

3.1.2. Annealed state 

In the case of the state reheated (Fig. 2a' and b') and (Fig. 4a' and b'), the composition of texture does not 

change, it is the same fibers <111> and <100> which forms the texture of the recrystallization. 

For the weak ones and average deformations it is the fiber <111> which appears majority than the fiber 

<100>. On the other hand, In contrast, for the same deformations, it is clear that the amount (intensity) of the 

fiber <100> increased compared the deformed state 

In our case, for all the deformations studied   90 %, it can be concluded that the recrystallization texture is 

the same as that of the drawn state, with changing ratios of quantities of fiber <111> and <100>, but it is 

always the fiber <111> witch is remaining majority. 

 
a 

 
a' 

 

b 

 

b' 

Fig. 3 ODF of <111> and <100> fiber for the drawn 

state taken at  = 45°; a)  = 67 %b)  = 90 % 

Fig. 4 ODF of <111> and <100> fiber for the 

annealed state taken at  = 45°; a')  = 67 %

b')  = 90 % 

3.2. Microstructure and Grains size evolution 

The micrographics of Figs.  (Fig. 5 and Fig. 6) were taken along the cross section of the wire. These 

micrographs clearly show that there is a grain refinement by increasing the deformation (Fig. 5a and b). This 

refinement of grains is actually a contraction of elongated grains along the axis of drawing. The 

measurement shows the average grain size is from 8 to 12 microns for small deformations  = 40 %. The 
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average grain size decreases according to the deformation increases, it becomes less than 5 microns for 

large deformations  = 90 %. In the case of annealing at 260° C for 30 minutes, the grain size does not 

change much between low ( = 40 %) and high ( = 90 %) strains. For the same strain level, there is a grain 

refinement between the state drawn and annealed state for all deformations. But if we extend the holding 

time, this result can changes, as it can be seen in the strong deformation where the grain size less than 5 

micrometers becomes up to 11 micrometers. 

3.3. Mechanical properties 

Regarding the mechanical proprieties of son drawn, we note that the drawing considerably reduces the 

elongation and greatly increases the mechanical strength at break as can be seen in Figs. 7 and 8. This 

result is because the high concentration of vacancies and dislocations induced by deformation hardening 

product. These defaults block the movement and harden the structure. Usually these defaults are quickly 

eliminated by heat treatment; indeed after 30 minutes of holding at 260° C, these proprieties became very 

close to that of as received wire. 

 
a 

 
a' 

 
b 

 
b' 

Fig. 5 Microstructure of drawn state;  

a) =40 %b) =90 % 

Fig. 6 Microstructure of annealed state;  

a')  = 40 %b')  = 90 % 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1089 

 

 

3.4. Electrical properties 

Fig. 9 illustrates the evolution of the electrical 

resistivity in function of the deformation. In this 

figure we see that the deformation leads to an 

increase of the electrical resistivity, this can also 

be explained by the presence of defaults 

(vacancies and dislocations) in the hardened 

structure. After recrystallization the resistivity 

decreases but remains superior to that of as 

received wire. This result is due in large part to 

the grain refinement after drawing. Indeed, 

multiplying the number of joins grain constitutes 

barriers on the movement of electrons. On the 

other hand, if we assume that all other defaults 

(vacancies and dislocations) are eliminated after 

annealing, it is recognized that in reality the only 

change that persists at the annealed wire is its texture. For mechanical proprieties, we can accept that the 

texture of recrystallization has a contribution on the rate of return of these proprieties to the initial state. But 

for the electrical proprieties, can we assign a part of this result to the texture formed by the fibers <111> and 

<100>? At this stage of the research, it is very difficult to answer this question. It can be suggested to do 

other analyzes and other measures to be able to clarify this assumption. 

4. CONCLUSION 

The main conclusions hose can be taken from this experimental study on copper wire drawing can be 

resumed in these points: 

 In our case, the texture of the deformed state and that of the annealed condition are identical and are 

composed of two fibers: the majority fiber <111> and the fiber minority <100>. 

 Deformation stabilizes the fiber <111> and recrystallization stabilizes the fiber <100>. 

 Recrystallization leads to a refinement of the grain depending on the applied strain level. 

 As expected, drawing deteriorates the mechanical and electrical properties of the material by 

hardening microstructure. The return to the stable state is affected by a heat treatment.As to the 

Fig. 7 Evolution of lengthening according to the 

deformation 

Fig. 8 Evolution of mechanical strength at break 

as a function of the deformation level 

Fig. 9 Evolution of the electrical resistivity as a function 

of the deformation level 
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interpretation of the results of electrical resistivity after recrystallization, they are largely attributed to 

the refinement of grains witch has increased the number of grain boundaries.  
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Abstract 

The most attractive and dynamic option to use renewable energy sources in electricity production are the 

photovoltaic cells, that convert solar energy into electricity. This paper presents a study which compare 

different types of photovoltaic cells. In the center of this study is silicon, like the most frequently used 

material for photovoltaic cell production at industrial level. In this context are mentioned below photovoltaic 

cells: monocrystalline, polycrystalline and amorphous silicon (thin film) cells. These different types of 

photovoltaic cells are compared like structure, function, advantages and disadvantages. These photovoltaic 

cells were monitored at the same time and in the same weather conditions. Also the objective of this paper is 

to estimate the performance of photovoltaic cells and to provide the best solution for industry. 

Keywords: photovoltaic cells, solar energy, performance monitoring 

1. INTRODUCTION 

There are several types of energy alternatives, of which 

underline the following: solar (thermal and photovoltaic), 

geothermal energy, biomass, wind, hydro and wave energy. 

Among these an important role has photovoltaic energy, the 

one who directly converts solar energy into electricity. The 

main element for solar energy production is photovoltaic cell. 

[1]. The main element for solar energy production is 

photovoltaic cell. The construction of photovoltaic cell depends 

on the material of which it is manufactured. Along the time 

have been tested a lot of materials, but only a few were found 

to have the properties required to manufacture the solar cells. 

The material most commonly used for the construction of 

photovoltaic cells is silicon. Fig. 1 shows a composition of 

photovoltaic cell manufactured from silicon with homo-junction: 

protective layer (1), antireflective coating (2), upper contacts (3), n junction layer (4), p junction layer (5) and 

lower contact (6). [2].  

Order to increase efficiency of photovoltaic cells they met over time an evolution from simple structure to 

structure increasingly complex. There are several classifications of photovoltaic cells, and these will be in the 

following example. There are several classifications of photovoltaic cells, and these will be in the following 

example. After the material thickness there are thick cells and thin cells. According cell type are 

semiconductor material cells (Ge, Si, CdTe, GaAs, GaAlAs, GaInAsP, InAs, InSb or InP) or cells made from 

organic materials using organic pigments. As the base structures are crystalline cells (here are: 

monocrystalline, multicrystalline, polycrystalline) and amorphous. In terms of evolution are manufacturing 

technology first generation photovoltaic cells (egg. Si), second generation (thin cells), third generation 

(organic cells). According to the type of junction there is single junction, multi-junction or tandem cells. [3]. 

Monocrystalline silicon photovoltaic cells are part of the first generation of solar cells, the technology they 

have a plates shape - wafer. To the family of silicon solar cells, these cells are the most robust and efficient, 

Fig. 1 The structure of photovoltaic cells 

made from silicon with homo-junction 

[2] 

mailto:m_talida@yahoo.com
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but also the most expensive because of high energy consumption for producing silicon with a purity of 

99.99 % and a thickness that has values between 100 m and 300 m. These cells were had an outstanding 

development due to the design and structure each have. These cells have a simple structure, conventional, 

namely: p-n junction, the contact rear, antireflective layer of SiO2 and comb-shaped upper contact. These 

monocrystalline cells are cells that have thick, crystalline is constructed with single junction solar cells 

semiconductor and are part of the first generation.  

Polycrystalline silicon and multicrystalline cells developed by the need to reduce the cost of photovoltaic 

cells, and these costs were due to obtain high and perfect purity monocrystalline silicon wafers. To browse a 

solution which decreased costs using cheaper materials, and the cells were made by processes which were 

consuming less energy. Other types of solar are amorphous silicon cells. These types of cells are obtained 

by depositing an extremely thin film of silicon on a glass surface or a cheap substrate using deposition 

techniques on large areas of 1 m2. The solidification of atoms takes the form of a network rather irregular 

atomic arrangement in a crystal structure. This type of structure is called amorphous structure. This type of 

cells that are part of the second generation of cells, have an amorphous structure, can be with a junction or 

multi-junction Si and are with thin film.  

2. EXPERIMENTAL PROCEDURE  

In this paper we study the situation of two types of 

photovoltaic panels installed, with educational role for 

students. Photovoltaic panels can be arranged to produce a 

specific voltage and a specific current to satisfy electrical 

needs. Through multiplication of output voltage with output 

current could be calculated the total electricity produced. 

The photovoltaic system dimension is imposed by quantity 

of energy necessary daily and the quantity of energy 

available at the location indicated. In this study the 

photovoltaic cells used are: monocrystalline Si cells and 

multicrystalline cells. The characteristic of these cells are 

presented below. First photovoltaic panel was named PV1 

and has a power of 250W. Configuration of first photovoltaic 

panel contains 60 cells serial, matrix panel is 6 x10. The cells are monocrystalline and size of a cell is 156 

mm x 156 mm. Second photovoltaic panel was named PV2 and has, also, a power of 250 W. Configuration 

of second photovoltaic panel contains 60 cells serial, and matrix panel is 6 x 10. The cells are polycrystalline 

and size of a cell is 156 mm x 156 mm. These 2 photovoltaic panels are presented in Fig. 2.  

When we monitor the performance of these panels, we measured the power provided by these cells in the 

same conditions of temperature and solar irradiation. These panels were installed on the same location, on a 

building situated in Timisoara. These panels were installed on a surfaced tilted with 45 degree face toward 

South, because on this position photovoltaic cells collect maximum power.  

3. RESULTS AND DISCUSSIONS  

The scope of this paper is to monitor the performance for two photovoltaic panels mounted on the same site, 

with the same characteristics, but with different types of photovoltaic cells. In this study is presented the 

situation for two photovoltaic panels PV1 and PV2 mounted on a building situated in Timisoara. These 

panels were installed in September 2012. The measurements were realized in three days in December 

2012. A comparison between these photovoltaic cells was made in dependence with temperature and solar 

irradiation. 

Fig. 2 Photovoltaic cells used in this 

experiment 
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The evolution of produced power energy is in dependence with solar irradiation and temperature. In Table 1 

is presented the temperature and solar irradiance in December 2012 in Timisoara. Is considered solar 

irradiance on a surface mounted with an angle of 45 degree. [4].   

Table 1 Temperature and total solar irradiation on a surface tilted with 45 deg. faced toward South during 

these experiments  

Day 1 2 3 4 5 6 7 8 9 10 11 

Temperature [ºC] -0.3 3.4 13.5 15.1 14.1 8.1 10 9.8 9.4 10.6 10.5 

Total solar irradiation 

[Wh/m2] 30.5 438.1 83.9 35.5 15.5 134.3 631 52.9 171.2 66.9 55.3 

Continuation of Table 1 

Day 12 13 14 15 16 17 18 19 20 21 22 

Temperature [ºC] 13 11.9 9.4 13.2 8.9 4.5 10 6.6 3.3 6.1 8.1 

Total solar irradiation 

[Wh/m2] 185.4 73.4 114 31.7 228.1 27.8 496.2 42 31.7 640.5 509.8 

Continuation of Table 1 

Day 23 24 25 26 27 28 29 30 31 

Temperature [ºC] 1.7 3.4 4 0.8 1.8 5.8 5.4 3 2.9 

Total solar irradiation 

[Wh/m2] 38.6 148.4 23.6 71 54.5 52.2 104 48.3 103.9 

Performance monitoring means actually to measured the power provided by these systems at the same the 

temperature and the same total solar irradiation on a surface tilted with 45 deg. face toward South. In Fig. 3 

is presented the dependence of these two systems by temperature.  

 
Fig. 3 Power of photovoltaic panels depending by temperature 

 

Fig. 4 Power of photovoltaic panels depending by total solar irradiation 
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Performance monitoring means also, to measure the power provided by these two systems in dependence 

with total solar irradiation on a surface tilted with 45 deg. face toward South. In Fig. 4 is presented the 

dependence of these two systems by total solar irradiation.  

A total power collected by these two photovoltaic panels in December 2012 is presented comparatively in 

Fig. 5.  

 
Fig. 5 Power collected by 2 types of photovoltaic panels in December 2012 

4. CONCLUSIONS  

A comparison of two photovoltaic panels (monocrystalline and polycrystalline) is presented in this study. In 

this study can be noticed that monocrystalline photovoltaic panel has better functionality and collective power 

is higher than polycrystalline photovoltaic panel. In choosing a photovoltaic system has an important role 

choice photovoltaic panel to be used. Monocrystal production is more difficult and therefore it is more 

expensive. Price differences appear in the way of producing crystals: mono is obtained by cutting in 'slices' 

thin vein of a large and very pure chemical - has access to the entire surface color and a uniform, processed 

without corners - which help several times and in framing and cutting the vein. That is a very pure single 

crystal and makes it easier efficient photovoltaic. Polycrystalline is made from "waste / scrap 'crystal that 

remain from the first processing monocrystalline is obtained. These scraps are melted, pour into 

a parallelepiped shape and get a vein / ingot which is then he 'sliced’. We realize immediately after his 

image: appearance of broken glass, non uniform color. Polycrystalline cell solar panels 'behave better' at 

high temperatures. Based on these aspects will choose photovoltaic panels. 
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Abstract 

In the last decade, nanomaterials have become a topic of major interest. These materials are important in 

terms of their size, have a high potential for industrial applications as diverse as: electronic applications, 

bioengineering, energy industry, environmental, chemicals. Photovoltaic cells are the main applications of 

nanomaterials in energy and environmental protection domain. These cells are encapsulated in photovoltaic 

panels, which are the main elements in composing a solar system that produces electricity. Photovoltaic 

panels are devices that transform solar energy into electricity. This production problem resulting 

phenomenology is given by the random nature of the source of solar and unpredictable weather changes. 

Therefore a photovoltaic system remains conditional on both its reliability and hazard rate and primary 

energy supply. This study shows the description, properties and application of photovoltaic panels. 

Keywords: photovoltaic panels, solar energy, nanomaterials 

1. INTRODUCTION 

Nanotechnology is building and deployment of functional structures projected from atomic or molecular scale 

with at least one characteristic dimension measured in nanometers. Their dimension is enables them to 

present it with new and significantly improved the physical, chemical, and biological properties and 

processes due to their size. When the structural characteristic are intermediate between isolated atoms and 

bulk materials in the range of approximately 100 nanometers, objects often have physical attributes 

substantially different from those displayed by either atoms or bulk materials. In the last decade, 

nanomaterials have become a topic of major interest. These materials are important in terms of their size, 

have a high potential for industrial applications as diverse as: electronic applications, bioengineering, energy 

industry, environmental, chemicals.[1] The main challenges of using nanomaterials and nanotechnology in 

the energy sector are: solar energy, power generation using solid electrolyte cells, thermoelectric or 

piezoelectric materials, storage of energy using new portable batteries, energy transport using high-

temperature superconductors, the application of nanotechnology in the extraction and efficient processing of 

fossil fuels and nuclear fuel, but also in nanobiotechnology applications in energy efficient exploitation of 

mineral resources [2]. Photovoltaic cells are the main applications of nanomaterials in energy and 

environmental protection domain. A solar cell consists of two or several layers of semiconductor material, the 

most commonly is silicon. These layers have a thickness between 0.1 mm and 0.3 mm and are doped 

chemical elements to form junctions "p" and "n". The structure is similar to that of a diode because the silicon 

layer exposed to the light will produce an "agitation" of electrons in the material and will generate an electric 

current. 

The cells, also called photovoltaic cells, typically have a very small surface and current generated by a single 

cell is small but mixing series, parallel, these cells could produce currents sufficient to be used in the 

practice. For this, the cells are encapsulated into panels that offers mechanical resistance and to weathering. 

The solar panels consist of solar cells. Because a photovoltaic cell produces no enough energy that could be 

used efficiently, it needs more cells, which are connected in series - parallel, forming a photovoltaic panel. 

Photovoltaic solar panels are produced in different dimensions with different powers. Solar panels can be 

connected and them in turn in series - parallel form of higher power systems. A solar system which will be 
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connected to a single solar charger should have the same type, the same manufacturer, the same 

orientation and tilt and should not be partial shade. If this is not possible will be used multiple chargers. In 

most standard photovoltaic panels, strings of 36 or 72 cells are connected in series. [3]. 

2. EXPERIMENTAL PROCEDURE  

In this paper we study the situation of a photovoltaic system installed on “Politehnica” University of 

Timisoara, with educational role for students who study in this university. Also, this study represents a base 

for those which aim to install photovoltaic systems in west part of Romania. All geographic positions have 

different characteristics depending on solar radiation. It has an important role together with the power and 

the angle of photovoltaic system that will be installed. In view of expanded support provided by governments 

worldwide for renewable energy, there are many applications which can determine the needs of specific 

geographical panel. EU provides by Photovoltaic Geographical Information System the geographic 

information system for photovoltaic systems on site (http://re.jrc.ec.europa.eu/pvgis/), an application which 

can determine the panel that we need for a specific geographic area based on expected energy 

consumption. [4] Performance of photovoltaic panels is dependent on the temperature and the angle of 

photovoltaic panels which will be installed. The dependence of photovoltaic system by temperature and solar 

irradiation on summer and winter period is presented in this paper [5]. The photovoltaic panels represent the 

heart of the system, because they transform the sun's rays in electrical energy. The photovoltaic panel is 

composed of several individual photovoltaic cells which are connected serial or parallel using a metallic 

material. The energy produced by a photovoltaic panel is influenced by the number of cells within a panel 

and how these cells are arranged within the panel. If the cells are connected in parallel, the total current is 

the amount current of all connected cells and is the same with that is produced by one cell. When the cells 

are connected in series, the total voltage is the amount of the voltages from each individual cell and the 

output current is the same with that is produced by one cell. The photovoltaic cells may be arranged in a 

mode to produce a specific voltage and current to satisfy the specific power. Photovoltaic cells are usually 

arranged in a mode to produce voltages in steps of 12. Therefore, most panels on the market are 12 volts, 

24 volts, and even 36 volts. Photovoltaic cells can be arranged in a panel to produce a specific voltage and a 

specific current to satisfy electrical needs. Through multiplication of output voltage with output current could 

be calculated the total electricity produced. The photovoltaic system dimension is imposed by quantity of 

energy necessary daily and the quantity of energy available at the location indicated.  

3. RESULTS AND DISCUSSIONS  

In this study is presented the situation for a 

photovoltaic system installed on “Politehnica” 

University of Timisoara. This system was installed in 

March 2011, the surface of photovoltaic system is of 

16.06 m2 and the electrical energy is introduced in 

the public network. This system has 14 photovoltaic 

panels installed serial. The location of this system is 

presented in Fig. 1. [6]. 

First step in this study was to know the yearly sum 

of global irradiation at optimum angle for all system. 

The yearly sum of global irradiation at optimum 

angle of 45 degree is presented on Fig. 2. The 

yearly global irradiation for Timisoara is 1500 

[kWh/m2] at an angle of 45 degree.  

Fig. 1 Location of photovoltaic system 
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The power of this system is measured every day on winter 

and summer period in 2012, in dependence with temperature 

and total solar irradiation on surface that is installed with a 45 

degree face toward South. A comparison power resulted is 

also presented below. The temperature measured on site in 

winter period: December 2011 until February 2012 is 

presented in Figure 3 and the temperature measured on 

summer period (June - August 2012) is presented in Figure 

4. [7].  

As is observed in Fig. 3, the minimum temperature 

measured on site in winter period was -7.6 [ºC] on 6th 

January 2012 and the maximum was measured on 4th 

December 2011 and the value was 1511 [ºC].  

 
Fig. 3 Variation of temperature on winter period 

 
Fig. 4 Variation of temperature on summer period 

As is observed in Fig 4, the minimum temperature measured on site in summer period was 21.7 [ºC] on 6th 

June 2012 and the maximum was measured on 26th August 2012 and the value was 40.8 [ºC].  

The total solar irradiation on a surface tilted with 45 deg. faced toward South during the winter period: 

December 2011 until February 2012 is presented in Fig. 5 and the total solar irradiation on a surface tilted 

with 45 deg. faced toward South during the summer period (June - August 2012) is presented in Fig. 6. [6]. 

As is observed in Fig. 5, the minimum total solar irradiation on a surface tilted with 45 deg. faced toward 

South measured on site in winter period was 15.5 [Wh/m2] on 5th December 2011 and the maximum total 

solar irradiation on a surface tilted with 45 deg. faced toward South was measured on 27 th February 2012 

and the value was 951.7 [Wh/m2]. Also, the minimum total solar irradiation on a surface tilted with 45 deg. 

faced toward South measured on site during the summer period was 58 [Wh/m2] on 22th July 2012 and the 

maximum total solar irradiation on a surface tilted with 45 deg. faced toward South was measured on 29th 

August 2012 and the value was 1010 [Wh/m2]. This situation is presented in Fig. 6. 

Fig. 2 Yearly sum of global irradiation at 

optimum angle 
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Fig. 5 Variation of total solar irradiation on a surface tilted with 45 deg. faced toward South on winter period 

 
Fig. 6 Variation of total solar irradiation on a surface tilted with 45deg. faced toward South on summer period 

Variations of power during the winter and summer are presented in Fig. 7 and Fig. 8. The values in winter 

period are from 0[kW] (in 4th - 6th January 2012) until 2.2[kW] in 22th February 2012. For summer period the 

values varies until 0.25[kW] (in 25th July 2012) until 2.05 [kW] in 24th August 2012. 

 
Fig. 7 Variation of power on winter period 

 
Fig. 8 Variation of power on summer period 
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A summary with these information is presented in Table 1 - “Temperature, total solar irradiation on a surface 

tilted with 45 deg. face toward South and the power collected during these experiments “. [7].  

Table 1 Temperature, total solar irradiation on a surface tilted with 45 deg. faced toward South and the 

power collected during these experiments  

Factors measured 

Measurements 

On winter period 2011- 2012 On summer period 2011- 2012 

Minimum Maximum Minimum Maximum 

Total solar irradiation [Wh/m2] 15,5 951,7 58 1010 

Temperature [ºC] -7,6 21,7 15,1 40,8 

Power [kW] 0 2,2 0,25 2,05 

4. CONCLUSIONS  

Monitoring the temperature, total solar irradiation on a surface tilted with 45 deg. face toward South and the 

power collected during these experiments was performed during summer and winter period. With this 

experiment we will answer, also, at question if photovoltaic systems are useful for society. It is important to 

use solar panels, because photovoltaic power offers many other advantages: simplicity of operation, low 

maintenance costs and lower environmental impact.  

In conclusion, laboratories worldwide develop solar technologies with greater efficiency. Disadvantage of 

these high efficiency photovoltaic panels is the high cost of production. This resulted to the development of 

thin film panels (thin film) which have a lower yield, but their cost is low. 
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EFFECT OF SPRAY PARAMETERS ON THE PROPERTIES OF HVOF SPRAYED COATINGS 
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Abstract  

Thermal sprayed coatings based on tungsten carbide are the most durable and much sought materials in 

terms of wear resistance. Although they are not suitable for high temperature applications, they can be 

applied in many areas of industry due to the combination of very hard carbides and tough matrix. The 

hardness and toughness rate of WC-Co coatings is, in the case of thermal sprayed coatings, determined by 

mutual proportion of carbide phase and matrix, and by spraying parameters. The presented study was 

conducted to determine the effect of spraying parameters and cobalt matrix content on the resulting coating 

mechanical properties. Samples were prepared using the HVOF (high velocity oxy-fuel) spraying equipment 

TAFA JP-5000. Three powder types with different cobalt matrix content, namely WC-12Co, WC-17Co and 

WC-25Co, were used. Two sets of samples were prepared in order to determine the effect of spray 

parameters on the final properties of the coatings from each of powder. The first set was prepared using the 

default parameters. Spraying of the second set was carried out by different parameters that were newly 

tested. The basic mechanical properties were evaluated for each of Co content and spray parameters. 

Special attention was focused on comparison of changes in the abrasive wear resistance evaluated by Dry 

Sand Rubber Wheel test (performed according to ASTM G-65) and on changes in sliding friction assessed 

by a test pin-on-disc (according to ASTM G-99). The conclusion of study is devoted to the evaluation of 

application potential of WC-Co coatings, depending on the preparation parameters and on varying content of 

Co matrix. 

Keywords: coating, wear resistance, HVOF, tungsten carbide, cobalt matrix 

1. INTRODUCTION 

WC-Co cermet coatings are nowadays a common method used mainly to improve wear resistance of the 

majority of machine components. The thermal spraying methods for coating deposition are mainly used in 

practice. High Velocity Oxygen Fuel (HVOF) is a leading representative of thermal spraying methods [6, 8]. 

This technology enables deposition of wide range of coatings characterized by low or medium melting 

temperature. The advantage of HVOF compared with other thermal spraying technologies is the possibility to 

accelerate the melted particles of deposited powder at relatively high speeds ensuring relatively thick and 

particularly compact layers with thick microstructure. Moreover, the lower temperate deposition mode of 

HVOF compared with plasma spraying technology enables lower degree of carbide decarburization (in our 

case WC-Co) [10, 11]. On the other hand, HVOF has also its disadvantages. In comparison with sintered 

WC-Co, HVOF coatings suffer from carbide decarburisation and decomposition processes, as it has been 

proved by many authors. These processes result in formation of undesirable phases such is W2C etc. [5]. 

Pin-On-Disc results has shown that cermet coatings form a smooth compact tribofilm, which provides these 

coatings with similar properties as Cr2O3 coatings and with better properties compared with Al2O3 - TiO2-

based coatings. The stability of frequently brittle / fragile tribofim is a vital parameter to reach the best cermet 

coatings properties [12]. Therefore, the spraying parameters must be well optimized to ensure stable tribofilm 

formation and to prevent from premature coating spalling and subsequent serious component wear [5]. This 

paper presents results of three WC-Co cermets differing in cobalt bonding matrix phase content (12, 17 and 
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25 wt% Co). Coatings were deposited by HVOF thermal spraying technology; and the influence of spraying 

parameters on final mechanical properties and wear resistance was evaluated. 

2. EXPERIMENTAL 

The determination of new spraying parameters influence on the final WC-Co coating properties with respect 

to the changing cobalt matrix content is the main aim of this research. Three WC-Co coating variations with 

cobalt matrix contents of 12 %, 17 % and 25 % were used (FST K 624.23, K 674.23 and Fujimi DTS-W817). 

Six sets of samples were prepared. Three sets were deposited under standard parameters set on the basis 

of previous optimization. Three sets were deposited under new parameters. Coating deposition was realized 

in VZÚ Plzeň s.r.o. Mechanical properties and wear resistance were examined on these sample sets. 

2.1. Deposition parameters 

Spraying parameters and powder materials used are shown in the Table 1. Grain size of individual powders 

is in the range of 15 - 45 μm. The substrate surface was degreased and blasted before coating deposition. 

Brown corundum F22 with grain size 0.8 - 1.0 mm was used as abrasive medium. 

Table 1 Spraying parameters 

Parameters Equivalent ratio 

Pressure in the 

combustion 

chamber [bar] 

Barrel 
Deposition 

distance [mm] 

A 0,75 8,80 150 mm 380 

B 1,10 7,20 150 mm 380 

2.2. Measurement conditions 

Microstructure evaluation was conducted by scanning electron microscope SEM (FEI Quanta 200) in NTC 

ZČU. Surface hardness HR15N was evaluated by Rockwell HT 8003 hardness test on unpolished coating 

surface. Results were calculated as an average of five measurements conducted in laboratories of VZÚ 

Plzeň. Microhardness HV0.3 was evaluated on the coating cross section. Results were calculated as an 

average of seven measurements conducted similarly in VZU Plzeň with LECO DM-400A device. Abrasive 

wear resistance measurements were conducted by Dry Sand Rubber Wheel test in VZÚ Plzeň s.r.o. Test 

parameters were following. Al2O3 (abrasive grain size 212-250 [µm]) sand was used as an abrasive material. 

Pressure force was 22N. Wheel speed was 180rev/min and the total measurement track was 718m. Wheel 

rubber was BR-60-z 10mm with hardness 60 sh. Test procedure followed ASTM G-65 norm requirements 

[1]. Pin-On-Disc test was conducted in the laboratory of NTC ZČU according to ASTM G-99 norm [2]. The 

test conditions were the same for all samples and the final value was calculated as an average of several 

measurements. Linear sliding speed was 10 cm/s; norm load was 10N; used balls had diameter of 6mm 

(steel and corundum balls were used); and samples were cleaned with ethanol. Slide track was constant 

during all tests (50 000 cycles). The environmental conditions of relative moisture and temperature were 

approximately Hr = 15 ± 20 % a 20 °C, resp. and stayed constant during the test. Wear rate after the pin-on-

disc test was evaluated in NTC ZČU using profilometer (KLA-Tencor P-6 Profiler). 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Coating microstructure is shown on Fig. 1. The quality of evaluated coating is suitable: low porosity, 

adhesion to the substrate and absence of cracks. Nevertheless, there is a visible difference between WC-
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12 %Co coatings prepared under A and B parameters. The coating WC-12 %Co deposited under the B 

parameters has appreciable lower porosity comparable with coating deposited by parameters B. The 

difference in porosity between the WC-Co 17 and 25 % sprayed by parameters A and B is no longer visible. 

The 25 %Co coating is slightly inhomogeneous due to the higher matrix amount. The matrix was formed into 

elongated formations after the deposition. 

   
a)                          b)                         c) 

   
d)        e)     f) 

Fig. 1 a) WC-12 %Co Par. A, b) WC-17 %Co Par. A, c) WC-25 %Co Par. A, d) WC-12 %Co Par. B,  

e) WC-17 %Co Par. B, f) WC-25 %Co Par. BA 

3.2. Mechanical properties 

Table 2 Mechanical properties 

Material 

Deposition rate 

(Thickness per pass 

[μm]) 

Roughness 

[Ra] 

Thickness 

[μm] 
HV0,3 HR15N 

WC-12 %Co, Par. A 56.5 3.79 ± 0.47 509 ± 9 1052 ± 148 86.2 ± 3.1 

WC-12 %Co, Par. B 67.9 3.55 ± 0.35 476 ± 23 1181 ± 115 92.3 ± 1.7 

WC-17 %Co Par. A 44.12 2.88 ± 0.14 353 ± 17 1148 ± 62 92.2 ± 2.4 

WC-17 %Co, Par. B 50 2.916 ± 0.16 415 ± 18 1190 ± 134 91.7 ± 1,2 

WC-25 %Co Par. A 52.1 3.08 ± 0.33 521 ± 12 1009 ± 74 92 ± 1.6 

WC-25 %Co, Par. B 44.4 2.654 ± 0.12 398 ± 19 956 ± 120 92.3 ± 1 

Basic mechanical properties of WC-Co layer were measured on all samples and the average values are 

given in Table 2. The measurements clearly show that the cobalt binder has significant influence on resulting 

microhardness of the coating and deviations are in toleration. Hardness is increasing with decreasing 
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porosity, which could be caused by higher boxing material content [5]. Surprisingly, the slightly higher 

microhardness shows the sample with 17 % cobalt binder, which has already been reported in the studies [3] 

showing slight increase in microhardness with increased binder to 17 %. This increase does not exceed the 

values of tolerance, which are generally similar to the values reported by other authors. [5]. The 

microhardness increase of WC-12 %Co coating is significant with the change of spraying requirements. The 

increase in flame temperature can cause better coating properties in terms of internal stress and increase of 

oxides in coating structure. Higher oxide amount results in higher microhardness values, but on the other 

hand, in lower toughness and coating cohesion strength, which could result in worse wear resistance. 

Microhardness of remaining samples shows anticipated trend of decreasing values, which corresponds with 

the increase of cobalt matrix content. 

3.3. Abrasive wear resistance ASTM G-65 

The results of abrasive wear 

resistance evaluated with ASTM 

G-65 (Dry Sand Rubber/Wheel 

Test) method are given in the 

graph in Fig. 2. Wear 

mechanism evaluated by ASTM 

G-65 test is characteristic for 

cermet coatings due to gradual 

matrix wear and subsequent 

carbide releasing. Based on the 

expectations, the wear 

resistance of 25 %Co coating is 

lower. The abrasive wear 

resistance of this type is 

decreasing with increasing 

binding content [4, 7]. This 

phenomenon is considered to be 

a result of increasing WC solid particles in the coating [4, 9 and 10]. The difference between wear resistance 

of 12 % and 17 % coatings is insignificant. However, it is worth mentioning that 12 %Co coating deposited 

under A parameters has lower resistance that 17 %Co coating deposited under A parameters, whereas 

12 %Co coating deposited under B parameters has similar wear resistance as WC-17 %Co coating. These 

measured results correspond with microhardness measurement results. The remaining two coatings 

deposited under B parameters (17 % and 25 %Co) shows remarkably higher wear. As it has already been 

mentioned before, this phenomenon is probably the result of higher oxide content in the structure, which 

lowers toughness and cohesive coating strength. 

3.4. Sliding wear properties ASTM G-99 

The results of tribological characteristics gained by ASTM G-99 (Pin-on-disc test) method are shown in the 

graph on Fig. 3 and in Table 3. 

Values of COF (coefficient of friction) and COF progress of coatings deposited under A spraying parameters 

are similar for all variations (12, 17 and 25 %Co). Whereas in the case of steel ball, the ball material is 

transferred on the coating surface, which influences COF values (steel-steel contact is approximately 0.7); 

the COF value of contact with Al2O3 is remarkably lower. Convenient properties are given by the wear 

mechanism. After the slight matrix wear, the carbide particles are in contact with Al2O3. The contact not only 

lowers COF values but also reduces wear. It is visible from lower wear rate values in contact with Al2O3 

compared with steel counterpart. WC-12 %Co coating deposited under B parameters has in both cases 

Fig. 2 Abrasive wear characteristics 
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insignificantly lower friction coefficient for both two counterparts (steel and Al2O3). This COF reduction show 

all samples deposited under B conditions. The results also prove that new parameters with higher spraying 

temperature could support desirable tribofilm formation in higher extend. 

 
Fig. 3 Tribological characteristics 

Table 3 Coefficient of fiction and wear rate values 

Material COF-Al2O3 COF-100Cr6 

Wear rate Wear rate 

ASTM G 99- Al2O3 ASTM G 99- 100Cr6 

[mm3/m] [mm3/m] 

WC-12 %Co, Par. A 0.431 ± 0.004 0.806 ± 0.010 (3.94 ± 0.47).10-7 (7.36 ± 1.08).10-7 

WC-12 %Co, Par. B 0.308 ± 0.014 0.655 ± 0.011 (3.87 ± 0.91).10-7 (34.9 ± 2.84).10-7 

WC-17 %Co, Par. A 0.419 ± 0.053 0.760 ± 0.060 (3.69 ± 0.65).10-7 (30.1 ± 11.1).10-7 

WC-17 %Co, Par. B 0.349 ± 0.036 0.747 ± 0.038 (3.63 ± 0.66).10-7 ( 27.4 ± 17.9).10-7 

WC-25 %Co, Par. A 0.431± 0.020 0.781 ± 0.022 (4.34 ± 0.92).10-7 (65.4 ± 15.6).10-7 

WC-25 %Co, Par. B 0.309 ± 0.067 0.766 ± 0.052 (4.64 ± 0.88).10-7 (26.2 ± 11.6).10-7 

Wear rate was evaluated by KLA-Tencor P-6 Profiler profilometer. It enables to determine the track cut 

space after wear. But the track cut space determination is considerable subjective (null plane determination 

poses the problematic question). The determined values relatively correspond with microhardness trend. On 

the contrary, lower wear occurs by harder ceramic Al2O3 counterpart. Mutual contact of WC grains and Al2O3 

ball causes lower friction coefficient. The use of steel ball leads firstly to the ball wear as the ball material 

changes to abrasive medium inside the track. Mutual slide contact is changing to three body abrasive 

contact, which is more aggressive to the coating [10]. 
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4. CONCLUSION 

The research shows that the new parameters (par. B) exhibit lower porosity at the same level of cobalt 

content. Changing parameters has no significant effect on the measured macrohardness and all values are 

in the same range within tolerance. Microhardness has undergone some changes when the parameter B has 

been noticeable increased in comparison with the standard parameters. Only samples with 25 % Co matrix 

underwent reduce in this value. Abrasive resistance of sprayed coatings parameters B shows a slight 

reduction in wear with WC-12 % Co. However the remaining samples show significant deterioration in 

abrasive resistance due to the higher degree of oxidation. The results of tribological testing of the coating 

sprayed by parameters B have better properties. In all cases, there was a decrease in COF compared to 

parameters A. The wear rate of all coatings remained almost unchanged within tolerance even with the new 

parameters. 
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Abstract  

Waterborne coating systems with the addition of pigment particles in the submicron sizes govern the overall 

properties of the coating film. When properly use (adjusted) pigment nanoparticles can increase  

the corrosion properties (delivery substances to eliminate sedimentation and coagulation an anticorrosive 

zinc phosphate pigment particles), but depending on the type of film-forming substances in the coating can 

lead to a reduction of cohesive properties of coatings. Attenuation cohesive coating properties of the film lies 

in admixture additives (dispersants) prevent coagulation of particles. Industrial segment offers stabilizers and 

dispersants dealing with the issue of particles coagulation, but also affect the paint. The chemical  

and physical nature of the dispersed, weakens the joining of individual components in the paint. For this 

reason it is necessary to take into account not only the anticorrosion, but also on the technological, cohesion 

properties of the resulting film. 

This paper deals with the effect of anticoagulant resource supplied to the film during application, its influence 

on anticorrosion, technological, strength and cohesive properties of coatings. In water-based paint (alkyd 

and acrylic base) was added finely disintegrated nontoxic pigment zinc phosphate and unstabilized  

in the state, stabilized by an industrial dispersant and pH adjustment coatings. The results of anticorrosive 

tests show the suitability of industrial dispersant on anticorrosion properties in an environment with a degree 

of corrosivity C5, but also deterioration of cohesive properties of the coating film.   

Keywords: disintegration , nanoparticles, pigment, coagulation, paint system  

1. INTRODUCTION 

Modification of water-borne paint matters to enhance the durability and corrosion properties of coatings is not 

a simple issue. Insertion of foreign components such as anticorrosive pigments can increase overall 

corrosion properties, but on the contrary, a wrong choice induces a strong degradation of the paint matter. 

Anticorrosive pigments can in the course of production, dispersion and application of paint be additionally 

influenced by addition of appropriate dispersants allowing for uniform dispersion of admixed anticorrosive 

pigment particles. If the anticorrosive particles reach submicron sizes, the particles have a tendency to 

flocculate in larger bodies with subsequent sedimentation towards to the substrate. Anticorrosive pigments 

preventing degradation of coatings through inhibitory effect such as zinc phosphate Zn3(PO4)2 are prone to 

dislocation of pigment particles in the paint section. In the case of absence or flocculation of pigment 

particles into larger wholes the paint matter deteriorates. Additional flocculation and sedimentation of 

submicron particles of anticorrosive pigment can be adjusted by admixture to appropriate industrial 

dispersants without compromising the integrity of the coating (Hydropalat 3275).  

2. SPECIFICATION OF EXPERIMENTAL MATERIALS 

The experimental works were performed using two transparent water-based coating systems. The first is 

based on alkyd resin and the second is based on acrylic resin. Subsequently, the coatings were mixed with a 

mailto:katerina.suchankova@vsb.cz
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non-toxic anticorrosive zinc phosphate pigment particles with a size in the range of 40 to 400 nm (see Fig. 

2). Pigment particles were disintegrated to the required size by means of water jet mill (high-energy liquid 

beam) designed at the department of the research of nanostructures at the Institute of Physics of the Faculty 

of Mining of the Technical University of Ostrava. Photographic documentation of distribution of nanoparticles 

was acquired by means of electron microscope Philips XL30 Series in the laboratory of electron microscopy 

of Nanotechnology Centre of the Technical University of Ostrava, together with concurrent chemical analysis 

of particles (see Fig. 1).  

   
Fig. 1 On the left, ZP10 particles in nano-scale at a magnification of 5000 x, on the right, chemical analysis 

of ZP10 by EDAX method (O = 33.77 %, P = 17.13 % and Zn = 49.10 %) [1] 

  
Fig. 2 - on the left: kinetics of ZP10 pigment particles after disintegration with admixture of dispersant 

Hydropalat 3275, on the right: ZP10 particle size in the wet state [2] 

To prevent flocculation of the finely disintegrated pigment particles of ZP10, the paint matter was enriched 

with industrial dispersant Hydropalat 3275. Due to the low kinetic potential of pigment nanoparticles after 

disintegration determined based on the principle of electrophoresis the pH value was adjusted in the pigment 

nanoparticles towards alkaline reaction in order to increase the kinetic potential of the particles (see Fig. 2).  

Paint matters with admixed anticorrosive pigment particles in the content of 6 - 9 % were applied to steel 

substrates (commercial designation S-46). The surface of the substrate was pre-treated before applying the 

coating system by grinding and degreasing using industrial degreasing agent. The substrate did not show 

any adhering loose dirt visible to the naked eye. Paint application was performed by pneumatic spraying. 

The resulting dry film thickness of the coating was in the range of 30 to 40 microns. After the application they 

were left in open atmosphere for a period of 30 minutes and subsequently subjected to a curing process in a 

hot air oven at a temperature of 70 °C for 2 hours. This was followed by the aging process, in which the 

cured coating system was placed in a hot air oven at 60 °C for a period of 24 hours.   
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3. EXPERIMENTAL TESTS 

Coating system applied to the substrate material was subsequently subjected to experimental tests: 

 Corrosion test in artificial atmospheres - salt spray test according to ČSN EN ISO 9227 

 Adherence test - Cross-hatch and cross-cut test according to ČSN EN ISO 16276-2 

 SEM analysis of paint matters 

3.1. Corrosion test in artificial atmospheres - salt spray test according to ČSN EN ISO 9227 

The paint matters applied to the prepared substrates were subsequently placed in corrosion chamber with 

a maximum exposure time of 480 hours. The samples were exposed without a disturbed and undisturbed 

coating. The evaluation was carried out in the intervals of 0 h, 72 h, 120 h, 480 h 240 h. The evaluation in the 

individual intervals is given in Table 1. 

Table 1 Evaluation of degradation of paint systems applied by brush 

Exposure in 

a corrosion 

chamber 

Paint matter 
Blistering 

grade 

Rusting 

grade 

Delamination/corrosion 

along the sect. 

Blistering 

arend the 

section 

0 h 

Acrylic paint 

matter 
0 S(0) Ri 0 S(0) 0/0 0 S(0) 

Alkyd paint 

matter 
0 S(0) Ri 0 S(0) 0/0 0 S(0) 

72 h 

Acrylic paint 

matter 
0 S(0) Ri 1 S(2) 2/2 3 S(2) 

Alkyd paint 

matter 
0 S(0) Ri 1 S(1) 1/1 1 S(1) 

120 h 

Acrylic paint 

matter 
1 S(2) Ri 1 S(2) 2/2 3 S(3) 

Alkyd paint 

matter 
0 S(0) Ri 1 S(2) 2/2 1 S(1) 

240 h 

Acrylic paint 

matter 
2 S(2) Ri 2 S(2) 2/2 4 S(3) 

Alkyd paint 

matter 
0 S(0) Ri 2 S(2) 2/2 3 S(2) 

480 h 

Acrylic paint 

matter 
3 S(2) Ri 3 S(2) 3/2 5 S(3) 

Alkyd paint 

matter 
1 S(1) Ri 2 S(2) 3/2 5 S(2) 

The results reported in Table 1 shows that the industrial paint matter modified by dispersant showed  

an increased corrosion resistance. Coating film both on acrylic and alkyd base withstood the corrosive action 

in the environment with corrosivity of C5 until 120 hours, which corresponds to 1.5 years. Then the coating 

started to show slight degradation of the film, but the paint matter still fulfilled the anticorrosion requirement. 

After 480 hours, the coating film showed only minimum visible surface defects. Alkyd base showed higher 

corrosion resistance in comparison of these two modified paint matters.  

Delamination around the cut showed similar results as for the evaluation of degradation of paint matter 

surface. Alkyd base covers the substrate better after disturbance of the steel substrate, thanks to which  

the paint matters showed better anti-corrosion properties. The Figs.  (see Fig. 3 and 4) show photos before 

and after 480 hours of exposure to salt spray corrosion test.      
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Fig. 3 - on the left: Acrylic paint matter; on the right: alkyd paint matter (0 hrs of exposure) 

 

       
Fig. 4 on the left: Acrylic paint matter; on the right: alkyd paint matter (480 hrs of exposure) 

3.2. Adherence test - Cross-hatch and cross-cut test according to ČSN EN ISO 16276-2 

To assess the adhesion of applied coatings we chose cross-hatch and cross-cut adhesion test according to 

ČSN EN ISO 16276-2, which describes the procedure in evaluation of resistance of coating systems, which 

were disturbed by a grid and cross cut, by means of a cutting tool with one blade to the substrate. The 

resulting established values of paint adhesion were recorded in the table. No.2.  
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Table 2 Evaluation of adhesion of coatings by cross-hatch and cross-cut test 

Paint matter 
Cross-hatch 

test 
Illustration 

Cross-cut 

test 
Illustration 

Acrylic paint 

matter 

5 

 

4 

 

5 0 

5 0 

Alkyd paint 

matter 

3 

 

0 

 

2 0 

2 0 

Paint matters showed reduced adhesion properties due to dispersant admixture affecting the overall kinetics 

of particles contained in the paint matters. Significantly lower adhesion was that of the acrylic paint, where 

there was a significant attenuation at the substrate - coating phase interface. Alkyd paint matter reached 

a good adhesion even after adjusting with industrial paint dispersant. In the case of damage to the coating 

film we can expect reduced anticorrosion properties primarily in acrylic-based material.  

3.3. SEM analysis of paint matters 

To determine the flocculation of pigment particles contained in paint matters we chose SEM pain analysis. 

The paint matters were pressed into metallographic sections and then subjected to measurements on 

a scanning electron microscope JSM-649 OLV in laboratories of FMMI of the Technical University of 

Ostrava. Fig. 5 shows paint matters with a visible admixture of zinc phosphate anticorrosive pigment.  

  
Fig. 5 on the left: Acrylic paint matter; on the right: alkyd paint matter (500x magnification) 

Acrylic paint matter in cross section showed areas of uplift with subsequent flocculation of pigment 

nanoparticles into larger units. This results in lower anticorrosive properties of the paint matter. However, the 

photos taken show that pigment nanoparticles, despite their tendency to flocculate, still show submicron 

dimensions. Pigment particles contained in alkyd paint matter are more evenly distributed over the cross 

section. Industrial dispersant positively influenced the flocculated particles of the anticorrosion pigment.  

4. CONCLUSION  

Water-based paint matters applied in a thin dry film at a thickness ranging from 30 to 40 micron are intended 

as a suitable short-term corrosion protection of steel substrates. Addition of a suitable non-toxic anticorrosive 

pigments of submicron size can increase the anticorrosive properties of paint matter. The flocculation of 

particles during dispersion and application of paint results in degradation of these properties, but the addition 

of industrial dispersants can prevent this phenomenon. Depending on the type of film-forming components of 
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coatings the result are improved anticorrosion properties. Acrylate coating was positively affected by an 

admixed dispersant, but there was a significant uplift and flocculation in the paint matter. This resulted in 

decreased anticorrosion and adhesion properties compared to alkyd-based paint. Alkyd-based paint mixed 

with dispersant reached excellent corrosion resistance and good adhesion even after adjustment. In 

compliance with the technological conditions the given paint material would be suitable also as a long-term 

corrosion protection of steel structures.    
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Abstract  

Static test is the important test for demonstrate the efficiency of propellant. The test is imperative for any 

batch of propellant. In the past, researcher used normal steel case in this test for only one time, because the 

test made the steel case damage into the steel grain from high pressure and temperature. Even though, the 

high corrosion condition from the vapor of chemical after burst. In that case, the steel case can be a higher 

cost. Therefore this paper aspires to recondition this problem by changing to new material. Austenitic 

stainless steel is the proper material that we choose, the prominent corrosion resistance in high temperature. 

316L grade addition some of elements such as Cr and Ni is the new condition that we use in the research. 

Chromium can improve the corrosion resistance and the Nickel improves the higher strength of the case.  So 

after static test, the new material case has the better grain, less inter-granular problem and get a smaller size 

of grain. Changing the better grade of the material can get higher cost, whereas better material can be 

reused the case more than two time. So that way can reduce the cost and scrap from static test. 

Keywords: static test, propellant, 316L, stainless steel 

1. INTRODUCTION  

From 1955 to 1975 in the span of 20 year, the technology of Solid-propellant Rocket Motors (SRMs) 

advanced expeditiously. SRMs replaced liquid-propellant rocket in several tactical, strategic and space 

applications. Because of their lower cost and quicker reaction time, SRMs were chosen over liquid-propellant 

rockets in general [1]. The solid propellant term has many connotations, including: the rubbery or plastic-like 

mixture of oxidizer, fuel and other ingredients that have been processed and constitute the finished grain. 

Basically, the propellant form a heterogeneous propellant grain with the oxidizer crystals and powdered fuel 

held together in a matrix of synthetic rubber binder. Primarily, composite propellant are cast from a mix of 

solid (AP crystals, Al powder) and liquid (HTPB) ingredients [2]. A motor case is a cylindrical cover 

containing the solid propellant and igniter. A process of combustion takes place in the motor case: as a 

result, sometimes it is referred to as combustion chamber. In the motor operation, the case is mandatory to 

capable of withstanding the high internal pressure: approximately 3-30 MPa, with a sufficient safety factor. 

Therefore motor case is usually made either from metal (high-resistance steels or high strength aluminum 

alloys) or from composite materials (glass, Kevlar, carbon) [3].  

 

Fig. 1 Static Test chamber diagram 

mailto:ornin.s@dti.or.th
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In addition to the stresses due to the pressure in the chamber, thermal stresses may sometimes be a critical 

factor. Moreover when the case also serves as flight vehicle body, bending loads and inertial forces play an 

important role in determining the thickness and the material of the motor case. 

 
Fig. 2 Static firing test 

Commonly, High strength alloy steels have been the most common case metals, but other material like 

Aluminum, Titanium and Nickel Alloys, have also been used [4]. Some properties for several materials are 

shown in Table1. Obviously, the highest yield strength is austenitic steel. 

Table 1 Properties for several materials [5]. 

 

Additional properties of austenitic stainless steel are weldability and higher corrosion resistance in many 

medias and conditions, thus, it is also used in high temperatures environment [6]. Stainless steel 316 is 

austenitic stainless steel which contains the outstanding properties such as high oxidation resistance 

especially pitting corrosion, crevice corrosion in a high chorine environment at high temperature and stress 

corrosion cracking resistance at higher 60°c. As a result, the study was conducted base on this stainless 

steel 316L. 

In Fig. 1, the high temperature and pressure combustion gases are discharged through the converging-

diverging nozzle. By this way, the thrust is obtained by chemical energy of the propellant converted to kinetic 

energy. Consequently, the geometry of the nozzle directly determines the amount of the total energy that is 

converted to kinetic energy. The rocket firing static test plays a vital role in evaluating the performance of 

solid propellant rocket. A rocket can be tested on the ground under controlled conditions as in Fig. 2. A 

ground test program is obligated prior to the certified to flight. The high temperature and high velocity of 
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combustion product gases have an erosive effect on nozzle case from a high concentration of liquid and 

solid particles such as metal oxides as in Fig. 3. The selection of nozzle material is a very critical step of 

nozzle design, especially for the throat region where erosive effects are most dominant [2]. This is a problem 

of metal case that cannot withstand this extreme testing environment. Therefore this paper proposes a new 

material selection to address this problem. We select the austenitic stainless steel because of its prominent 

corrosion resistance in high temperature. In the experiment we add addition some of elements such as Cr 

and Ni in order to study the relationship among the compositions and microstructures.  

 

Fig. 3 Nozzle case after static firing test 

2. EXPERIMENTAL 

The overall research consists of two parts: firstly, the material selection and secondly the static firing test 

from the new material motor case casting. In this paper we only investigate the properties of a new material 

to find the proper material that is tolerable for rocket static test. We select the 316L stainless steel because 

of its high oxidation resistance especially pitting corrosion, crevice corrosion in a high chorine environment at 

high temperature and stress corrosion cracking resistance. The goal of this research is to find the material 

that yield the strength for the firing static test that the case of motor rocket can be reused.  

In this study, AISI 316L stainless steel powders, Cr powders, and Ni powders are the materials selected for 

this investigation because of their optimal properties for high pressure and temperature . Three powders 

were mixed by varying the amounts of Cr and Ni powders on the additional proportion of: 

- (2 - 10 wt.%) Cr  

- (2 - 10 % wt) Ni  

- (1 % - 5 wt.%) Ni + (1 % - 5 wt.%) Cr 

 
a) The specimen after sintering       b) Arc furnace         c) The specimen after casting 

Fig. 4 The process of forming specimen 
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After the mixing process, the modified stainless steel powders are compressed in to the specimens by 

hydraulic compression as in Fig. 4. Consequently, all compressed specimens were processing by sintering 

at 1300ºC for 45 minutes in pure hydrogen atmosphere as in Fig. 4a. The final process after casting the 

specimens are casting with arc furnace in the vacuum condition (Fig. 4b). Then the specimen is formed in 

the round oval shape preparing for the test as in Fig. 4c. In addition, the oxidation test was performed in the 

air for 100 hours. Finally, the microstructure was inspected with optical microscope and scanning electron 

microscope.  

3. RESULT 

After the specimens are modified, we investigate the result of the experiment with optical microscope. Note 

that we only present the most obvious result with 10 % additional material even though the varying of 

supplement is from 2 - 10 % wt. Fig. 5 illustrates the microstructures of various modified 316L stainless 

steels. Fig. 5a with the addition of Cr content presents the result with the ferrite microstructure distributing on 

austenite matrix which is different from origin 316L. On the other hand, Fig. 5b with the addition of Ni 

powder, the microstructures consist of small particles distributed uniformly and more condense in the 

boundary of grain. Identically, the result as shown in Fig. 5c with the addition of Ni+Cr powder demonstrates 

the similar manner to those of Ni addition 

                      
a) 10 wt.%Ni                                    b) 10 wt.%Cr                       c) 5 wt.%Cr+5 wt.%Ni 

Fig. 5 Optical micrograph of microstructures of modified 316L stainless steels after casting by arc furnace 

and homogenization 

The oxidation test in high temperature in Fig. 6 shows the microstructures of modified stainless steel 

specimens. In all specimens, the oxides were found in microstructures especially in the surface of specimen. 

The internal oxides could be found between the grain boundary especially in the Ni and Cr-Ni addition. It 

should be noted that Cr addition specimens consist of smaller grain and have no oxide between the grain 

like the other. 

 
a) 10wt.%Cr                                    b) 10wt.%Ni                       c) 5wt.%Cr+5wt.%Ni 

Fig. 6 Optical micrograph of microstructures of sintered modified 316L stainless steels after exposure at 

900ºC for 100 hours 
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4. DISCUSSION 

From the result with additional Cr (Fig. 5b), the specimen gain significant higher strength from the mixture 

between ferrite and austenite. In addition, after the oxidation test in high temperature, we found that the film 

layer obviously occur which can improve the corrosion resistance property. On the other hand, the Ni 

addition can prevent the inter-granular crack because the particle occur among grain boundary even though 

the strength is lower than Cr addition. After the oxidation test, Ni help forming stable film which reduce film 

oxide from occurring but less than Cr addition. Finally, in both Cr and Ni addition, we cannot observe any 

significant improving result. Therefore, by comparing the properties gain by material addition  

5. CONCLUSION AND FUTURE WORK 

The results from the experiment suggest that stainless steel 316L with additional 10 % Cr gain significant 

mechanical property. In addition, Cr addition can also prevent the oxide film in high temperature. Therefore, 

stainless steel 316L with Cr addition is the most suitable material to form the rocket motor case for static 

firing test. This new material is expected to be reuse in the static test process which can significant reduce 

the cost of operation.   

Next step in the future work, we will cast the rocket motor with 316L stainless steel with 10 % Cr addition. 

Then we will use this case for a rocket firing static test to investigate the actual experimental result by 

comparing the microstructure of chamber and mechanical testing to the standard. 

ACKNOWLEDGEMENTS   

The authors would like to thank the anonymous reviewers for their extensive and insightful 

comments. The work of the authors was supported by Defence Technology Institute 

and Chulalongkorn University. 

LITERATURE  

[1] Turchi, P. (1998). Propulsion techniques action and reaction. Ohio: AIAA, Inc. 

[2] Sutton, G. P., & Oscar , B. (2001). Rocket propulsion element. Canada: John Wiley & sons,INC 

[3] AÇIK, S. (2010). INTERNAL BALLISTIC DESIGN OPTIMIZATION OF A SOLID ROCKET MOTOR. Mechanical 

Engineering Department, Middle East Technical University.POLÁŠEK, Karel. Curve and Deformation of Voltage. 

In Metal 2000: 9.int. metal. conference: 16. - 18. 5. 2000. Ostrava, Hotel Atom/Hotel Harmony, Czech Republic 

[CD-ROM]. Ostrava: TANGER: May, 2000, s.82-89. ISBN 80-85988-48-8 

[4] Davenas A., “Solid Rocket propulsion Technology”, 1993 

[5] Zwissler, L. E. (1961). Advanced fabrication techniques for solid propellant combustion chambers. ELSEVIER, 

14-33. 

[6] Lothongkum, G. (2011). Stainless steel. Bangkok: Department of Metallurgical Engineering, Chulalongkorn 

University. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1117 
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Abstract 

The paper is focused with the study and selection of suitable alternatives to eliminate the need for 

compensation chromate coating of layers containing hexavalent chromium, which is one of environmentally 

hazardous substances. The concept of the experimental part was aimed mainly at testing the corrosion 

resistance of coating systems and alternating current combinations. The results of the paper facilitate 

comparison and assessment in practice orientation and choice of suitable alternatives coating operation in 

conjunction with the technological requirements. Adhesive wear testing and microhardness completes are 

depicted by comprehensive pictures of the physical - mechanical properties of individual components of 

coating systems in terms of basic electroplating layer, conversion coating and sealing. 

Keywords: calotteconversion coating, microhardness, chromate 

1. INTRODUCTION 

The requirements for increasing the quality level of physical - mechanical properties of galvanic coatings and 

excluded significant pressure on the operator finishes the ecological and economic management facilities 

substantially influence the development of existing technologies and the subsequent development of new 

coating systems alternatives. Galvanic systems based on secreted Zn coatings and alloyed Zn coatings and 

their conversion modifications declare a wide range of combinations of alternating conversion chromating 

additional adjustments based on chromium CrVI hexavalent adverse environmental impact. Based on this 

facts, it is not possible to make global alternation, but there is a need extensive verification and expansion of 

numerous combinations of experimental system levels. The paper deals with the study of the mechanical 

and corrosion properties of cathodic secreted coatings zinc, alloys, conversion and finishing treatments. 

Study of conversion modification area is divided into the process of elimination coatings of toxic chromate 

and passivation specific use within the meaning of alternative replacement chromate coatings with a direct 

link to select suitable combinations of systems subsequent finishing treatments. Practical part tests corrosion 

protection and mechanical characteristics three groups of basic coatings I. - Zn II. - ZnFe, III. - ZnNi, their 

subsequent finishing modification both as defined of system units, base coating - conversion coating - 

finishing modification, as well as individually. Experimental investigation based on coatings of toxic CrVI was 

represented by 3 types of surface treatment specified according to the standard VW 137 50: 

 (C650) - basic Zn coating (15-35) m - chromate, corrosion resistance 96hours in zinc corrosion, 

360hours in Fe corrosion of the base material corrosion tests according to ČSN ISO SAC 9227 

 (C651) - basic Zn coating (15-35) m chromate sealing, corrosion resistance 96hours to corrosion of 

Zn, Fe 360 hours to corrosion of the base material corrosion tests according to ČSN ISO 9227 

 (R620) - basic ZnFe coating (8-25) m, black chromate, corrosion resistance of 168hours in Zn 

corrosion, 360hours in Fe corrosion of the base material corrosion tests according to ČSN ISO 9227 

2. EXPERIMENTAL MATERIALS 

Variants of coating replacements are represented by a set of 9 types of coatings provided on the basis of the 

practical requirements of the specific properties of the normative prescription VW 137 50. Conversion 

mailto:xenie.sevcikova@vsb.cz
file:///C:/Users/konference/AppData/Local/Temp/lucie.krejci@vsb.cz
file:///C:/Users/konference/AppData/Local/Temp/katerina.konecna@vsb.cz
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modification which is based on environmentally acceptable CrIII, chromium oxidation state III., chromate 

coatings is replaced passivation. Detailed design specifications refund finish, corrosion resistance 

parameters and thickness of coatings provides prescription TL154, TL217, TL244. 

 
Fig 1 Documentation of basic groups of coatings and calotte 

1. (C640), (C641), (C642), (C642 + DELTACOLL), (C643), basic Zn coating (15-35) m - conversion 

parameters and finishing modifications as prescribed TL217 

2. (R302), basic ZnFe coating (8-25) m, black passivation, according to TL154 

3. (R642), (R643), (R673), basic ZnNi coating (8-25) m, conversion parameters and finishing 

adjustments according TL244. 
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Measurements of galvanic coating of wear by using Calotest were carried out. Based on the analysis of the 

trace generated, it is possible to assess the wear of the layer, as to carry out an initial structural and 

tribological evaluation. The physical magnification of the observed portion of the layer enables wear an 

assessment of the character of its while utilizing small optical magnifications. Specified in coatings are based 

on a normative prescription carmaker VW 137 50 and subject to the additional requirements of TL153, 

TL217, TL244. Test specifications PV1210 are given by conditions and settings corrosion tests coatings for 

corrosion inspection, sampling serial examinations body, sheets, assemblies and parts with different 

anticorrosive coatings. The resulting summary adhesive wear resistance based on the depth of a spherical 

cap, Calotest surveyed using equipment, and a fixed number of revolutions were processed for clarity in the 

graphical representation approximation, states (Fig. 2 - Fig. 3). It is essential to identifying the resulting 

summary tribological bond conversion and finishing treatments (Graph 1 - Graph 2). Coefficients of quality 

assessment experiment were ranged from R2 = (0.8 to 0.9). 

 
Fig. 2 Sample R302, calottes, on site 1 (8000 rotation) - on site6 (500 rotation) 

 
Fig. 3 Right: Calotte of realized measurement, Left: Calotte of poorly adjusted station unsuitable for 

measurement (M 20:1) 

 
Fig. 4 Cut ball cap  Fig. 5 Galvanic coating thickness 

    [mm]        (1) 

   [mm]        (2) 
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Graph 1 Approximation of the average values of measurement depth of conversion treatment 

 

 
Graph 2 Approximation of the average values of measurement depth of conversion treatment 

The results of hardness measurements by nanoindentation are shown in the summary (Graph 3 - Graph 4) 

Low coefficient of determination, quality assessment experiment R2 = 0.2 shows a low accuracy  

of measurement methods about 20 %. This method is due to its orientation meassurements in nm scalesand 

is not affected by a considerable number of factors. Dust particles, cracks, pores and coating heterogeneity 

were caused by pollution with heavy metals contamination level and procedural level misrepresent 

information value. 
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Graph 3 Approximation of the average values of measurement hardness of conversion treatment 

 
Graph 4 Approximation of the average values of measurement hardness of finishing treatment 

4. EVALUATION OF EXPERIMENTAL TESTS 

The experimental part of this thesis was to determine appropriate compensation alternatives of comparable 

mechanical properties, aimed at exploring the hardness of coatings, wear resistance, corrosion resistance, 

with a view to maintaining visual and functional characteristics of the coatings. Finishes achieving adequate 

results suitable alternations determined on the basis of a detailed assessment of experimental tests  

of realized and discussed in detail the relevant chapter summary results will then be further specified. 

 Macroscopic evaluation of the surface satisfies all alternatives finishes the specified scale  

the requirements imposed on the visual characteristics of the coatings. 

 Surface microscopic investigation failed sample (R302). The coating showed signs of degradation  

in the form, network of cracks. On the contrary, most of the microscopic point of view seemed coating 

sample (C642) - basic Zn coating thick layer passivated. 

 Check the adhesion of all coatings did not show any defects or loss of adhesion. 

 Prescribed basic thickness coatings were observed in the investigations. In the case of conversion 

and finishing modifications were largely exceeded the expected thickness. Exceeding  
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the dimensional tolerances may lose momentum for moving lines and assembly chains, or loss  

of bond strength. 

 The best buffer capacity in relation to the measurement of surface roughness and graphical 

representations were assessed in basic first passivation layer coating roughness increases  

and subsequent seals as finishing treatment roughness slightly decreases. The largest increase  

in roughness was determined by coating (R672), the measured value Ra = 1.12 [micron] exceeds the 

value of the measurement base Ra = 0.9 [micron]. Almost identical values were measured  

for coatings, (C650), (C640) and also a pair (C651), (C641). 

 Wear resistance of coatings was evaluated in the most transparently adhesive coating load,  

6000 rpm, test bodies (balls). Coating (C642) resist adhesion worst, depth calotte h reached 14.5 m 

to damage the basic coating.  

 Hardness values of individual layers by nanoindentation, show that in the finishing editing a top 

hardness seal coating (R302), which is comparable with the amount of hardness values  

of conversion adjustments. In the conversion adjustment reached its highest values hardness 

passivation sample (R642) and the worst is that thick passivation sample (C642). Most with values 

approaching samples (C650) and (C640) and (C651), (C641). 

5. CONCLUSION 

Achievements and combinations show that the best alternative replacement coatings (C650), (C651) are 

coatings (C640) and (C641). Compensation proposal is an economical option as well as the ecological 

efficiency. Given that it is a coated transparent passivation coatings for cold. Lower corrosion resistance  

of these coatings (C640) 168 pm to Fe corrosion of the base material and coating case (C641) is balanced 

by the tribological properties. In the present investigations can not be determined a suitable alternative 

replacement for the coating (R620). 
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Abstract 

Nickel-base superalloys are used in the aircraft turbines because of their superior properties and 

performance at high temperatures. Superalloys in such environments are limited from the view of their 

lowered resistance to the oxidation and corrosion impacts. This problem has been solved using protective 

coatings deposited on the surface of such engine components as turbine blades and they act as a diffusion 

barrier by creating thermodynamically stable oxide layer. There are other sources of loads imposed on 

turbine blades and vanes; centrifugal forces due to rotation, creep, low cycle fatigue and time varying 

thermo-mechanical fatigue due to sequential engine start-ups and shutdowns. Except oxidation and 

corrosion attack, the life of the coatings can be reduced by cracking caused by thermal and mechanical 

cycling due to poor mechanical behaviour of the coatings. The focus of the paper is on the study of thermo-

mechanical fatigue behaviour of turbine rotor blades made from polycrystalline IN 713 LC with diffusion 

aluminide coatings under service conditions. This test revealed a few of fatigue cracks in the upper part of 

the layer but they were stopped by inner diffusion zone of the coating. 

Keywords: superalloys, aluminide coatings, turbine blades, thermal and mechanical fatigue 

1. INTRODUCTION 

Present aircraft engine are developed with accent to improve operating parameters, mainly performance and 

thrust of engines. This can be ensured by increasing of gas temperature. Turbine blades work under extreme 

conditions and a complex state of stress. Turbine blades and other parts of jet engines are often exposed to 

oxidizing and corroding atmosphere during their operation. Turbine blades resist against high temperatures, 

increased temperature gradients and high stresses. The interaction among hot combustion gases causes 

oxidation of the surface layer and hot corrosion and micro cracking of the coating. Gas flow formed in 

combustion chamber in aircraft engine causes mechanical and thermal strains, which are responsible for 

start of crack and crack growth in engine parts. The factors limiting the lifetime of turbine blades are the 

quality of the aluminide coating and microstructure of the superalloy, depending on the service parameters- 

the temperature and the duration of service [1]. Therefore is necessary to protect nickel-base superalloys, 

from which are engine parts made, by diffusion coatings. These coatings deposited on superalloys represent 

the barrier between basic material called substrate and external aggressive environment [2]. The coatings 

markedly increase lifetime, reliability and function of individual engine parts and thus contribute to the flying 

safety [3]. Change of flight mode, start or stop of aircraft engine generate thermal and mechanical strain too, 

which damage engine components [4]. This type of degradation mode is called thermo-mechanical fatigue 

(TMF). TMF is characterized as long-time creation of external mechanical and thermal strains as well as 

residual stresses from different thermal expansion between superalloy material and coating [5]. 

file:///C:/Users/konference/AppData/Local/Temp/trnikjaro@gmail.com
mailto:kafrikjan@gmail.com
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2. FUNDAMENTAL OF TEST EXPERIMENT 

TJ 100 (Fig. 1) is compact designed small turbine engine with perfect weight/thrust ratio, than is especially 

characterized by low fuel consumption and low exhausted gas production (Fig. 2). This type of engine is 

used for sports ultralight planes, gliders with additional engine or other pilotless jets. 

 

2.1 ENDURANCE TIME TEST OF TURBINE ENGINE 

This test confirms function ability, reliability and applicability of engine for flight operations. After endurance 

test damages or excessive wear of main parts are not accepted in comparison with control before test. In 

process of test are engine modes changed from maximum performance to idle mode (Table 1). Total time of 

test took 55 hours, because test involves 50 cycles and each cycle hold 66 minute of operation (Table 2). 

Table 1 Operation modes of engine TJ 100 

 Operation mode 

Parameter Unit Max. Take off Max. permanent Idle run 

Revolution % 100 97 ~50 

Thrust N ≥1 100 ≥ 950 < 160 

Fumes temp. °C < 800 < 750 < 500 

Power generator W ≥ 720 ≥ 720 ≥ 720 

Table 2 One cycle composition of time test 

Pt Holding time Operating condition 

1. 1 min Engine start and idle 

2. 10 min Maximum take-off mode (100 % thrust) 

3. 5 min Maximum permanent mode (97 % of revolutions) 

4. 1 min Idle run (50 % of revolutions) 

5. 5 min Maximum soaring mode (100 % thrust) 

6. 1 min Idle run 

7. 30 min Maximum permanent mode (97 % of revolutions) 

8. 1 min Idle run 

9. Overall 10 min 6 cycles of acceleration and deceleration  

10. 2 min Idle + engine stop +cooling, than 12 min break 

Fig. 1 Small turbine engine TJ 100 Fig. 2 Performance characteristics of TJ 100 
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3. TURBINE BLADES MICROSTRUCTURE ANALYSIS 

Most parts of engine TJ 100, especially turbine 

blades was casted from polycrystalline nickel-base 

superalloy INCONEL 713 LC. Turbine blades were 

protected by diffusion Al coating using CVD method, 

concretely out of pack. Stator and rotor blades are 

localized in stator and rotor wheel of aircraft engine. 

Blades were investigated in three cross-sections 

marked on (Fig. 3) and (Fig. 4).  

Samples for selected stator and rotor blades were 

analysed by scanning electron microscopy (SEM) to 

observe fatigue cracks or other damages. Leading 

edges (LE) and trailing edges (TE) of blades were 

analysed too. Closer information about chemical 

content or phase changes on surface of blades 

provided energy dispersive x-ray analysis (EDS).  

4. STATOR BLADE ANALYSIS 

Surface analysis of stator blade showed (Fig. 5), that section LE 1 to LE 3 contain no significant defects or 

damages. In marked blue area wads carried out EDS analysis, which results represents (Fig. 6) and (Table 

3).  

Table 3 Chemical composition of stator blade surface 

 Na-K Al-K Si-K P-K  Ca-K Ti-K Cr-K Fe-K Ni-K 

pt1 1,2 67,7 1,3 16,5  1,6 - 1,7 1,5 8,4 

EDS analysis demonstrated, that surface of stator blade content especially aluminum, which together with 

oxygen create protective layer Al2O3. Other elements as P, Ca or Na were made by combustion process of 

engine fuel. 

On stator blade in section leading edge 1 was found one crack (Fig. 7). Detailed view of crack (Fig. 8) 

showed that damage has only surface character and doesn´t goes to the deep. 

Fig. 3 Marked cross-

sections for analysis of 

stator blade 

Fig. 4 Marked cross-

sections for rotor blade 

analysis 

Fig. 5 Analysed surface of stator 

blade Fig. 6 EDS analysis of stator blade surface 
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5. ROTOR BLADE ANALYSIS 

Fig. 9 represents comparison of trailing edges 1-3. Detailed analysis showed, that surface of trailing edges 

are without any significant damages, cracks or phase changes.   

 

 

 

 

Investigation of rotor blade in cut showed, that rotor blade contains no cracks. Average thickness of coating 

on TE 1 - TE 3 was measured 59,5 μm. In marked points 1-9 on cross-section of rotor blade (Fig. 10) was 

carried out EDS analysis (Fig. 11). 

Fig. 7 Fatigue crack on leading edge of 

stator blade 

Fig. 8 Detailed view of crack 

Fig. 9a Detailed view on rotor blade 

TE 1 

Fig. 9b Detailed view on rotor blade 

TE 2 

Fig. 9c Detailed view on rotor blade 

TE 3 

Fig. 10 EDS analysis of cross-

section on rotor blade 
Fig. 11 EDS analysis of cross-section of rotor blade 
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EDS analysis showed, that surface contains Al and O which formed Al2O3. Organic elements as C and P 

were originally from combustion process probably. Content of aluminium is lower in direction into the coating 

and nickel content increases in direction into base material (Table 4).  

Table 4 Chemical content of rotor blade cross-section 

 Na-K Al-K Si-K P-K Ti-K Cr-K Ni-K Nb-L Mo-L 

pt1 8,0 64,5 - 14,0 - - 13,5 - - 

pt2 - 88,6 - - - 0,8 10,6 - - 

pt3 - 46,9 - - - 1,6 51,5 - - 

pt4 - 13,2 0,2 - - 52,2 23,3 - 11,2 

pt5 - 7,9 0,3 - 0,3 64,8 14,7 - 12,1 

pt6 - 12,4 1,4 - 2,0 10,0 54,6 9,7 9,8 

pt7 - 43,7 - - - 2,2 51,4 - - 

pt8 - 37,6 - - 0,6 4,6 52,8 3,4 1,0 

pt9 - 24,4 - - 0,9 23,7 44,6 1,8 4,6 

 

In the end was carried out mapping of chemical 

elements in cross-section 1 (Fig. 12).  

5. CONCLUSION 

Stator and rotor blades were analysed by SEM to 

find out fatigue cracks or damages. EDS analysis 

was used to observe phase changes or chemical 

composition of blade surface and coatings. Turbine 

blades underwent 50-hours endurance time test 

under the thermo-mechanical loading. Stator and 

rotor blades were deposited by protective aluminide 

coating in CVD process. Aluminide coating acts as 

diffusion barrier and protects base material of blades 

(substrate) from high temperature environment in 

aircraft engine.  

 One fatigue crack was found on stator blade in section leading edge 1, but this mentioned fatigue 

crack has only surface character and it was not markedly deep.  

 The coating was ruptured neither by the corrosion process nor oxidation which cause generally the 

flow of hot gases during the burning of aviation fuel in the combustion chamber. 

 There was not any loss of coating thickness.  

 Rotor blades were without cracks and other damages.  

From the aspect of the thermo-mechanical fatigue which was simulated by help of the endurance time test, it 

can be concluded that the protective coating is not degraded in a significant way and from the practical 

aspect it can be used for determined lifetime and conditions of exploitation. 

Fig. 12 Mapping of chemical elements in cut 1 
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Abstract 

This paper deals with the structure and composition of scale layer of stainless steel AISI 316 and AISI 430 

after heat treatment at temperatures of 800, 1000 and 1200 °C with holding time at temperature for 1 or 2 

hours and after air and water cooling. Subsequently, pickling in reducing melt was carried out. The structure 

of scale layers after heat treatment and after the following pickling in reducing melt, and its chemical 

composition using X-ray microanalysis is described, the thickness of scale layer is measured and the weight 

decrease after pickling in reducing melt is documented. After heat treatment, thicker and more compact 

oxide layers were formed on the surface of the wire made of AISI 430 stainless steel than on the surface of 

that made of AISI 316 steel. Oxide layers showed greater thickness after cooling in air than after cooling in 

water. In the case of stainless steel AISI 316, the oxide layers contained relatively high amount of nickel, 

which is rather difficult to eliminate by the action of reducing melt. As for AISI 430 steel, the layers are 

formed on the iron oxide and chromium oxide basis. These layers are more easily distort when exposed to 

reducing melt and they tend to crack and spall. 

Keywords scale layer, oxide layer, heat treatment, steel pickling, reducing melt, X-ray microanalysis 

1. INTRODUCTION  

Scale layer is a thin oxide layer on the material surface, formed mainly during higher temperatures of heat 

treatment. Formation of scales on the stainless steel surface depends on its composition (i.e. alloying 

elements content) and also on the surface condition and the type of atmosphere, in which the steel is heat-

treated. The scales are formed by chemical composition of iron or other elements contained in steel with 

oxygen from air or from the atmosphere of annealing oven. The estimation is that during steel annealing one 

to five percent of material is changed into scale. The scale layer formed during steel heating at the 

temperatures needed for its heat treatment is never chemically homogenous. It is made by two or three 

stages with different composition and quality. The stages are separated from each other by quite acute 

boundary. They are arranged as follows: the closer to the metal, the poorer in oxygen and the richer in iron. 

This composition corresponds to the diffusion of iron and oxygen in the scale layer [1-3]. 

Iron and oxygen form together three stable oxides: iron (II) oxide FeO, magnetite Fe3O4 and iron (III) oxide 

Fe2O3. Iron (II) oxide FeO is not invariable under temperatures lower than 575°C, because it slowly changes 

into iron and magnetite Fe3O4. Therefore, the oxide layers formed under lower temperatures than mentioned 

limit of 575°C do not contain FeO at all. It is important for pickling that iron (II) oxide FeO is easier to dissolve 

in acids than other iron oxides. Thus the scale layers containing a great amount of iron (II) oxide are in 

general easier to remove, while layers without this component are more difficult to remove, although they are 

often much thinner. Magnetite Fe3O4 is the most invariable of the iron oxides and it does not change even in 

a large range of temperatures. It is significantly much more difficult to dissolve in acids than iron (II) oxide. 

Iron (III) oxide Fe2O3 is the iron oxide the richest in oxygen. It loses part of oxygen and turns into magnetite 

during heating over 1200°C. Therefore, the scale layers formed under the temperatures higher than 1200°C 

do not contain iron (III) oxide. Among the three oxides, this one is the most difficult to dissolve in acids [1-3]. 

mailto:petra.vanova@vsb.cz
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Other elements, contained in steel, mainly the so called alloying elements do take part in scales forming 

processes. The easiest proportion we find in elements with similar chemical properties as iron. Manganese is 

the typical example. The rapidity of its infiltration into scale layer is approximately the same as in the case of 

iron. The rapidity of its oxidation is also the same as in the case of iron and the manganese oxides are 

spread out in scale layer uniformly and in the amount corresponding to the percentage of manganese in 

relevant material. As for other alloying elements, the diffusion is slower than in the case of iron, which leads 

to settling of these elements in the lowest layer of the coating. If these metals are nobler (nickel, copper), 

iron takes away the oxygen from its oxides and oxide layer therefore contains these elements in the form of 

pure metals. Other elements (chromium, silicon, manganese) are in the oxide layer in the form of oxides. If 

the steel is highly alloyed with e.g. chromium, the lowest layer of its oxide layer is so enriched with this metal, 

so that the chromium oxide forms a significant component on the steel-scale boundary. Another iron atoms 

are not able to penetrate through this boundary, which gives reasons for heat resistance of highly alloyed 

steel [1-5]. 

Steel pickling is a part of final production process of some steel products. During this the scales, formed 

during metal heat treatment under high temperatures, are removed from the surface of steel belts, wires and 

other forms of steel by dissolving in acids or melts. Chemical removing of scales is based mainly on their 

dissolving in appropriate solution, sometimes with the use of electric current. In the case of carbon steel the 

hydrochloric acid (HCl) or the sulfuric acid (H2SO4) is commonly used, while the combination of hydrofluoric 

acid and nitric acid (HF+HNO3) is often used for stainless steel. Acids dissolve scales chemically and at the 

same time the iron oxides turn into corresponding iron salts. For pickling in the reducing melt the melt of 

sodium hydroxide (NaOH), containing sodium hydride (NaH) as reducing agent, is used. Sodium hydride is a 

highly reducing agent, changing iron oxides into lower oxides and iron. A great advantage of pickling in 

sodium hydride is that it does not damage the basic metal. Oxidation melts are efficient in action of oxidation 

agent from dissolved sodium hydroxide (NaOH) on the oxide layer. Above-valent oxides with larger specific 

capacity are formed during oxidation, which provokes changes of structure of scales on the surface of the 

material, tension and following cracking. Only a small part of scales is separated or dissolved in the melt, 

where it settles like sediment. Greater part of scales is removed only during following operation - cooling and 

rinsing in water - while the scales are partially torn away. The rest of scales is removed by final pickling in 

acids [6-8]. 

2. EXPERIMENT DESCRIPTION 

Two types of steel with different chemical composition and structures, i.e. AISI 316 and AISI 430, hot drawn 

wires, have been used for the experimental finding of the effect of heat treatment on the formation of scale 

layer on stainless steels. AISI 316 is austenitic chromium-nickel-molybdenum steel, AISI 430 is ferritic 

stainless steel with 17 % of chromium content. Chemical composition of both steels is given in Table 1. 

Individual samples in form of 100 mm long and 7 mm diameter wires (sample surface was 0,0022 m2) were 

pickled in reducing melt and afterwards in mixed acid in order to make their surface clean and ready for 

following laboratory heat treatment. 

Table 1 Chemical composition of AISI 316 and AISI 430 steels in weight % 

AISI C Si Mn P S Cr Mo Ni 

316 0.05 0.65 1.50 0.04 0.03 17.00 2.00 12.00 

430 0.14 0.80 1.10 0.06 0.20 17.00 0.45 - 

Samples warmed to 800°C and 1000°C temperatures were left in the oven during two hours, samples 

warmed to 1200°C temperature during one hour. The holding time was followed by air or water cooling. 
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Afterwards transverse metallographic cuts were prepared in order to find the character and structure of scale 

layer after different heat treatments. 

As for the second set of samples, the scales were removed by pickling in hydride reducing melt, to which the 

reducing component (NaH) was dosed using a special product Feropur®. Samples with scale layers after the 

heat treatment were put into reducing melt for 15 minutes and afterwards cooled by a thermal shock due to 

water immersion. When removed from pickling bath, the samples were rid of alkalinity by washing in hot 

water and drying. The samples were weighed before and after pickling and their weight loss was 

documented. The samples without scale layers were also metallographically prepared in transverse cuts and 

they were observed using scanning electron microscope. 

The scale layers were observed using JEOL JSM-6490LV scanning electron microscope in backscatter 

electrons (BE). Semi quantitative x-ray microanalysis was carried out as surface analysis, using Inca X-act 

detector. Evaluation of scale layer in transverse cut using scanning electron microscopy (SEM) included 

documentation of the scale layer in different parts of the wire and semi quantitative x-ray microanalysis. As 

for the carrying out of microanalysis, different stages of oxide layer and basic material to the depth of 20 to 

40 m under the surface were evaluated. Carbon was not included in the semi quantitative x-ray 

microanalysis. 

3. RESULTS 

3.1. Evaluation of wires surface after the heat treatment  

During heat treatment at 800°C temperature with holding time for 2 hours a layer of iron oxide (57 % Fe, 1 % 

Cr, 1-3 % Ni, 1-2 % Mn, 38 % O) was formed on the AISI 316 steel wire surface. After air cooling the layer 

was cracked (Fig. 1), while after water cooling it was more compact (Fig. 2). Chromium, iron (nickel, 

molybdenum, silicon) oxides (27-35 % Cr, 20-24 % Fe, 5-7 % Ni, 3.5-5.5 % Mo, 33-37 % O) were separated 

under the layer. The material right under the oxide layer was not chromium depleted. A thin layer of 

chromium and iron oxides (44 % Cr, 17 % Fe, 7 % Mn, 32 % O) appeared on the surface of AISI 430 steel 

wires after air cooling (Fig. 3), while after water cooling (Fig. 4) it was a thin layer of iron and chromium 

oxides (52 % Fe, 20 % Cr, 7 % Mn, 20 % O). Right under the surface the matrix was chromium depleted 

(14.5 % Cr). 

  

Fig. 1 Oxide layer - AISI 316 steel   Fig. 2 Oxide layer - AISI 316 steel 

Heat treatment: 800°C/2 hours/air   Heat treatment: 800°C/2 hours/water 
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Fig. 3 Oxide layer - AISI 430 steel   Fig. 4 Oxide layer - AISI 430 steel 

Heat treatment: 800°C/2 hours/air   Heat treatment: 800°C/2 hours/water 

During heat treatment at 1000°C temperature with holding time for 2 hours and air cooling a broader layer 

was formed on the AISI 316 steel wire surface. On the very surface it was formed by rough crystals of iron 

oxide (55 % Fe, 1.5 % Cr, 0,5 % Ni, 43 % O). Under this layer more porous sublayer of iron and chromium 

oxides (30 % Cr, 28 % Fe, 36 % O, 4 % Ni, Mn, Si) was found. This layer did not contain molybdenum. Right 

under the layer the chromium depletion (13 % Cr) has taken place, but on the other hand the nickel and 

molybdenum content (17 % Ni, 5 % Mo) increased. In the 20 m depth under the layer the matrix was still 

chromium depleted (15.8 % Cr). After water cooling the layer seemed to be more compact. On the surface 

there was a thin sublayer of tiny iron oxides crystals (52 % Fe, 4 % Mn, 5 % Ni, 1 % Cr). Rough crystals in 

the layer were formed by iron oxides (63 % Fe, 1 % Cr, 36 %). The composition of the porous layer 

corresponded to chromium and iron oxides (34 % Cr, 20 % Fe, 5.5 % Ni, 1,4 % Mn, 39 % O, Si). 

Molybdenum was not separated in the layer. On the scale layer -basic material boundary chromium oxides 

without molybdenum presence were found (52 % Cr, 37 % Fe, 4 % Mn, 51 % Ni, 4 % O). The chromium 

depletion of basic material under the layer was minimal. In the case of AISI 430 steel wire the oxide layer 

after air cooling was formed by a consistent iron and chromium oxides layer (57 % Fe, 4 % Cr, 39 % O). 

After water cooling the oxide layer was more disrupted and the closer to the matrix, the higher the chromium 

content in the scale layer. Right under the layer the matrix was chromium depleted (9-11 % Cr). 

During heat treatment at 1200°C temperature with holding time for 1 hour and air cooling was the layer on 

the AISI 316 steel wire surface horizontally cracked (Fig. 5). Chromium, iron and molybdenum oxides (35 % 

Cr, 23 % Fe, 3 % Mo 1 % Ni, 1 % Mn, 38 % O) formed the scale layer. These oxides were interspersed with 

discontinuous structures on the pure nickel and iron base (60 % Ni, 35 % Fe, 3 % Cr, 2 %). Under the 

consistent layer tiny oxides interfering into the matrix were found. The matrix was chromium depleted 

(11,5 % Cr). After the water cooling the scale layer was more consistent and less porous (Fig. 6). On the 

surface it consisted of iron and nickel oxides (55 % Fe, 7 % Ni, 1.5 % Cr, 3 % Mn, 35 % O). There were more 

compact chromium, iron and nickel oxides structures (25 % Cr, 25 % Fe, 7 % Ni, 35 % O, without Mo) in the 

layer content. Chromium, iron and nickel oxides with lower oxygen content (27 % Cr, 28 % Fe, 17 % Ni, 

28 % O) formed the porous parts of the layer. White structures represented reduced metal Ni, Fe, Mo (53 % 

Ni, 17 % Fe. 15 % Mo - the O and Cr content was influenced by environs). Right under the layer the basic 

material was chromium depleted (9.5 % Cr). In the case of AISI 430 steel wire after air cooling a consistent 

thick scale layer was formed (Fig. 7). At the very surface it consisted of iron and chromium oxides (35 % Fe, 

27 % Cr, 1 % Mn, 36 % O). The deeper, the more the Cr content in the layer increased, the more the Fe 

content decreased and the more the Mo content increased. The oxygen content decreased at 27 % and 

molybdenum (1.2 % Mo) was analyzed in the interlayer. Right under the layer the matrix was Cr depleted 

(11 % Cr). In a more detailed scale Cr and Fe oxides (33 % Cr, 23 % Fe, 1 % Mo, 40 % O) and white 
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structures of almost pure iron (94 % Fe, 3 % Cr, 1 % Mo, 1 % Ni) formed the interlayer. Air cooling led to 

spalling of the scale layer. The rests of the spalled layer were analyzed separately. In the scales the layer 

was bright, crystalline based on iron (66 % Fe, 33 % O), smooth formed of Fe oxides (63 % Fe, 36 % O), 

which on the reverse contained except Fe oxides also Cr (61 % Fe, 6.5 % Cr, 1 % Mn, 30 %). After water 

cooling the layer of Cr, Fe and Mo was evident on the surface (Fig. 8). Interlayer composition and basic 

material under the layer depletion was similar as in the case of air cooling. 

  
Fig. 5 Oxide layer - AISI 316 steel   Fig. 6 Oxide layer - AISI 316 steel 

Heat treatment: 1200°C/1 hour/air   Heat treatment: 1200°C/1 hour/water 

  
Fig. 7 Oxide layer - AISI 430 steel   Fig. 8 Oxide layer - AISI 430 steel 

Heat treatment: 1200°C/1 hour/air   Heat treatment: 1200°C/1 hour/water 

3.2 Evaluation of wires surfaces after pickling in reducing melt 

Evaluation of scale layer after pickling in reducing melt was carried out by the same method as after heat 

treatment, i.e. by using scanning electron microscopy (SEM) on the transverse cuts. Only the air cooled 

samples were evaluated. 

The oxides were present in surface defects in the case of AISI 316 steel samples, heat treated in 

800°C/2 hours/air mode and subsequently pickled in reducing melt (Fig. 9). Calcium and sodium as remains 

of the pickling process and molybdenum were analyzed in the oxides. The surface without oxide layer was 

not Cr depleted. A thin layer of Cr and Fe oxides (27-36 % Cr, 19-23 % Fe, 2-3 % Ni, 35 % O, without Mo) 

appeared in the case of samples heat treated in 1000°C/2 hours/air mode and subsequently pickled in 

reducing melt. Right under the layer the Cr depletion (13.5 % Cr) was still apparent. In the case of samples 
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heat treated in 1200°C/1 hour/air mode and subsequently pickled in reducing melt (Fig. 10), the wire surface 

showed more significant oxide remains, somewhere based on Fe and Ni (52 % Fe, 11 % Ni, 4 % Cr, 23 % 

O), somewhere based on Fe and Cr (42 % Fe, 20 % Cr, 38 % O), or the original interlayer with presence of 

pure nickel and iron. 

The iron, chromium and manganese oxides (29 % Fe, 25 % Cr, 18 % Mn, 26 % O, without Mo) were present 

in surface inequalities in the case of AISI 430 steel samples, heat treated in 800°C/2 hours/air mode and 

subsequently pickled in reducing melt (Fig. 11). Calcium and sodium as remains of the pickling process were 

analyzed in the oxides. The surface without oxide layer was slightly Cr depleted (14 % Cr). A thin layer of Cr 

and Fe oxides (46 % Cr, 19 % Fe, 30 % O) appeared in the case of samples heat treated in 1000°C/2 

hours/air mode and subsequently pickled in reducing melt. In some parts of the surface thin layers of pure 

metal (66 % Fe, 18 % Cr, 11 % Ni) were apparent. Right under the layer the Cr depletion (13.8 % Cr) was 

still apparent. In the case of samples heat treated in 1200°C/1 hour/air mode and subsequently pickled in 

reducing melt (Fig. 12), the wire surface showed a broader layer which morphology corresponded to the 

interlayer of annealed samples. There were Cr and Fe oxides (37 % Cr, 26 % Fe, 38 % O) on the surface. 

  
Fig. 9 AISI 316 steel sample after pickling  Fig. 10 AISI 430 steel sample after pickling 

Original heat treatment: 800°C/2 hours/air  Original heat treatment: 800°C/2 hours/air 

  
Fig. 11 AISI 316 steel sample after pickling  Fig. 12 AISI 430 steel sample after pickling 

Original heat treatment: 1200°C/1 hour/air  Original heat treatment: 1200°C/1 hour/air 
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3.3 Scale layer thickness and weight loss 

As apparent from given Figs.  (Fig. 1 - Fig. 8), the scale layer was thicker with higher temperatures of the 

heat treatment. After samples air cooling the oxide layer grew thicker because of additional oxidation of the 

surface, which often led to spalling of scales. From Fig. 13 it is evident that scale layer thickness on AISI 430 

steel is bigger than in the case of AISI 316 steel despite the loss of a part of layer during air cooling. 

The weight loss was determined by samples weighing before and after the pickling. The higher the 

temperature of heat treatment was, the bigger was the weight loss of given material after the pickling in 

reducing melt. After previous heat treatment at the same temperature the weight loss was lower in the case 

of air cooling than in the case of water cooling. There were certain divergences in the case of samples 

treated at the 1200°C temperature when during air cooling from the 1200°C temperature massive cracking 

and spalling of scales from the material surface appeared, mainly in the case of AISI 430 steel. That led to 

bigger weight loss. It is evident from Tables (Fig. 14) that there was bigger weight loss in the case of AISI 

430 steel. 

 

Fig. 13 Scale layer thickness   Fig. 14 Weight loss after pickling 

4. CONCLUSION 

During the heat treatment of given stainless steel wires a oxide layer was formed on their surface. The 

higher temperature was used, the thicker the scale layer was. The very surface of the scale layer contained 

iron oxides, but approaching the matrix the chromium (Cr) fixed in oxides content was increasing. In high 

annealing temperatures (1200°C) the molybdenum (Mo) was fixed in oxides too. In this temperature an 

interlayer with pure metal particles based on nickel (Ni) and iron (Fe) in the case of AISI 316 steel or pure 

iron only in the case of AISI 430 steel was formed between the matrix and the oxide layer. The layer seemed 

to be more cracked after air cooling, it often spalled and was therefore thinner in the final state. On the 

contrary, after water cooling the oxide layers stayed thicker and more compact. Chromium (Cr) depletion 

right under the scale layer was more significant by AISI 430 steel. 

The oxide layer decreased after pickling in reducing melt depending on its thickness in the after heat 

treatment state. Thin layers formed under low temperature annealing were removed by pickling and 

therefore the depletion on the material surface was the least possible. The remains of oxides stuck only in 

deeper surface defects. After the pickling of layers formed under higher temperature annealing, in some 

parts of the surface areas of reduced oxides or small layers of pure metals were observed. In the interlayer 

area a higher amount of pure metal particles was evident. 

In the case of AISI 316 steel, the oxide layers contained relatively high amount of nickel (Ni), which is quite 

difficult to eliminate by the sodium hydride action. As for the AISI 430 steel, the layer is more complex, but 
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formed mainly by iron and chromium oxides. Such a layer is more easily distort by hydride action and it 

cracks and spalls. The rest of scales is removed during final pickling in acids. 
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Abstract  

Brake disc as a rotating counterpart of the vehicles brake system plays an important role in safe driving. 

Many papers deal with characterization of the brake lining, representing the static part of the braking tribo-

couple. During the contact of the rotating disc and pressed brake lining the friction layer, so called third body, 

is formed. Cast iron and stainless steel rank among the most often used materials for brake disc 

manufacturing. The cast iron is often used for cars, whereas stainless steel is often used for the brake discs 

of motorcycles. In this contribution we focused on the characterization of the friction surface of the cast iron 

and stainless steel brake discs after the friction test. Non-asbestos organic friction composite was used as a 

counterpart for cast iron disc, whereas friction composite based on the sintered cupper was used as friction 

counterpart for stainless steel brake disc. Friction surface of both types of discs were studied using scanning 

electron microscopy and glow-discharge optical emission spectroscopy. Scanning electron microscope 

equipped with energy dispersive spectroscopy technique was used for the characterization of the brake disc 

morphology, as well as for the characterization of the cross section of both discs. Glow discharge optical 

emission spectroscopy was used for the characterization of the bulk chemical composition of both discs as 

well as for the profile analysis. 

Keywords: brake disc, friction layer, scanning electron microscopy, glow-discharge optical emission 

spectroscopy 

1. INTRODUCTION 

Brake system is used for the deceleration of vehicles whereas their kinetic energy (and thus speed) is 

lowered with help of friction, occurring at the brake lining - brake disc interface. During braking, the kinetic 

energy of rotor is transferred into thermal energy, which is reflected in increasing temperature of both braking 

counterparts. The rotating disc is intermittently in contact with the lining during braking and its temperature 

rarely reaches values higher than 400°C [1]. Proper selection of the brake disc and brake pad significantly 

influences the efficiency of friction process. For example, brake disc made of cast iron works good in 

combination with brake pads based on non-asbestos friction composites, but its performance is worse with 

sintered brake pads based on copper. The properties of the cast iron disc can be modified by alloying the 

cast iron with appropriate metal elements [2]. Modern kind of brake disc utilized for high performance 

applications comprises ceramic brake disc based on C/C-SiC composites [3]. Despite the superior properties 

of the ceramic brake disc, its price is still high and thus the traditional cast iron discs and stainless steel discs 

together with discs based on metal matrix composites toughened with selected fibers and particulate 

materials are still the most frequently used. 

Friction process during the braking leads to the formation of friction layer, responsible for final friction-wear 

performance [4]. The thickness of so formed friction layer is maximum in the order of hundreds of 

nanometers. Phase composition of the friction layer is different in comparison to original brake lining as well 

as brake rotor. In fact the friction layer is a product of mechano-chemical reactions, taking place during the 

braking [5, 6]. If the brake pads are released, the friction layer is transferred both to brake lining and brake 

rotor. Development of new friction composites for brake linings as well as new materials for brake rotors are 

mailto:jirina.vontorova@vsb.cz
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followed with testing of their friction-wear performance and also with the characterization of the friction 

layers. There are several techniques used for characterization of the friction layer, among them the 

microscopy techniques, the most often utilized. Scanning electron microscopy equipped with energy 

dispersive analysis (SEM-EDX) is the basic technique for observation and chemical analysis of friction layer. 

X-ray diffraction method brings the information about the phase composition of the friction composites and 

using the XRD technique operated in “Grazing incidence mode”, the phase composition of friction layer can 

be also studied. It is well known that the signal obtained using EDX analysis arises from the area, whose 

thickness is in the order of micrometers and depends on the nature of the studied sample and thus cannot 

bring the information only about the friction layer, because the chemical composition of base material is also 

included. This fact evokes the need of adopting other analytical techniques that would be able to bring the 

information about the chemical composition of the friction layer only. 

GD-OES technique is commonly used for chemical analysis of metal as well as non-metal and ceramic 

materials. The ability of this technique to analyze both conductive and non-conductive materials is based on 

the possibility of the GD-OES instruments to use two kinds of excitation sources: i) DC source for conductive 

materials and ii) RF source for conductive as well as non-conductive materials. During the GD-OES analysis 

the analyzed material is sputtered layer by layer and emissions spectra of the elements that are present in 

sputtered layer are registered. As a result of this analysis we obtain the dependency of the intensity of 

selected emission line on time of the analysis and after the calibration we can obtain the depth profile of 

given element, which shows us the change in concentration of given element with depth of sputtered 

material. 

The aim of this work is verification of the capability of the GD-OES technique for characterization of friction 

layer originated on the surface brake rotors made of cast iron and stainless steel. 

2. EXPERIMENTAL MATERIALS  

Images of both cast iron disc and stainless steel disc rotors are shown in Fig. 1 A)-B). 

 
Fig. 1 Image of the abraded rotors A) cast iron disc, B) stainless steel disc 

The chemical composition of both disc rotors was determined using GD-OES and is listed in Table 1. 
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Table 1 Chemical composition of brake discs made of cast iron and stainless steel 

[%] 
Cast iron 

brake disc 

Steel    brake 

disc 
 [%] 

Cast iron 

brake disc 

Steel    brake 

disc 

C 4.170 0.480  Cu 0.200 0.053 

Mn 0.526 0.523  Ti 0.015 0.002 

Si 1.595 0.456  Co <0.001 0.017 

P 0.050 0.016  B 0.0005 <0.0003 

S 0.069 0.002  W <0.001 0.168 

Cr 0.166 13.074  Zr 0.027 0.022 

Ni 0.067 0.191  Al 0.012 0.006 

Mo 0.037 0.016     

3. EXPERIMENTAL METHODS 

Glow discharge optical emission spectrometry (GD-OES) 

The chemical composition of brake discs has been studied by glow discharge optical emission spectrometer 

of Spectruma Analytik GMBH (model GDA 750). This method can operate in two modes: bulk and profiling 

mode. Spectruma Analytik GMBH enables analysis with both DC and RF source. Bulk analysis was used for 

analysis of basic materials of brake discs in DC mode under excitation conditions 700 V and 35 mA for both 

cast iron and stainless steel. Depth profiling using RF source (700V, 2hPa) was conducted for both discs. 

Scanning electron microscopy 

The friction surfaces of the samples after the friction tests were observed using the scanning electron 

microscope (SEM) Philips XL30 with energy dispersive X-ray microanalysis (EDX). The SEM images were 

obtained using secondary electrons detector at the operating voltage of 25 kV. 

Origination of the friction layer for GD-OES profile analysis and SEM-EDX analysis 

Rotor made of cast iron was tested in laboratory using dynamometer and brake pads with non-asbestos non-

metallic brake lining were used as a counterpart (brake lining consists of phenolic resin, aramide fibers, 

basalt fibers, zircon, barite, wollastonite, vermiculite and graphite). In the case of high chromium stainless 

steel brake disc, the test was conducted directly during the vehicle service and brake pads with sintered 

friction composite based on copper were used as counterpart in disc-brake pad tribo-couple. 

4. RESULTS 

Cast iron disc 

From the composition of the NAO brake pads used for friction test of cast iron disc, it is obvious that barium 

from barite represents appropriate element that should be identified only in the friction layer, because barium 

is not typical element used in cast iron brake rotors. Unfortunately, the efforts to find the optimal conditions 

for analysis of barium on the friction surface of cast iron disc with GD-OES did not bring any success. On the 

other hand, it was revealed that sulfur can substitute the role of barium as a marker of friction layer thickness 

in the case of cast iron disc. The main source of the sulfur in friction layer is the same as the source of 

barium - mineral barite, but in addition to that, the sulfur from abraded cast iron disc also contributes to the 

total amount of sulfur in friction layer. The dependency of the intensity of Fe and S on the time of sputtering 

obtained for the base material and the friction layer is shown in Fig. 2. Fig. 2A shows that the sulfur enriches 

the friction layer and after the 300 s of sputtering reaches the intensity of sulfur analyzed in the base material 
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(Fig. 2B). It is well documented that the sulfur is an appropriate element that could be used as a marker of 

presence of sulfur in friction layer of the studied cast iron disc - NAO brake pad tribo-couple. 

 
Fig. 2 Intensity profiles of selected elements (Fe, S) determined for: A) friction layer and B) base material of 

cast iron disc 

Cross section of the disc in the state after the friction test was studied using SEM-EDX and the detail of the 

friction surface is shown in Fig 3. EDX analysis was used for outlining the presence of the elements in the 

friction surface to base material direction. With help of the EDX spectra in Fig. 3A and Fig. 3B it is again 

verified that barium is the element that could serve as a marker of friction layer. With respect to presence of 

barium, the thickness of friction layer was estimated 300 nm. 

 

Fig. 3 Detail of friction layer on the abraded surface of cast iron disc imaged using SEM, EDX spectra, 

showing the chemical composition of A) bulk material and B) friction layer 
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Stainless steel disc 

From the composition of the sintered brake pads used for friction test (creation of the friction layer) of 

stainless steel disc, it is obvious that the copper represents appropriate element that could identify the 

presence of friction layer. This presumption is also emphasized by low content of copper in base stainless 

steel used for rotor manufacturing (see Table 1). GD-OES was used for profile analysis of both base material 

and friction layer of stainless steel brake disc. The results of this analysis are graphically presented in Fig. 4. 

 
Fig. 4 Intensity profiles of selected elements (Fe, C, Cu) determined for: A) friction layer and B) base 

material of stainless steel disc 

Fig. 4A shows that the copper enriches the friction layer and after the 300 s of sputtering its intensity 

reaches the intensity obtained during the analysis of base material (Fig. 4B). Carbon shows similar 

dependency as copper and its intensity is stabilized after approx. 250 s. The difference in time of stabilization 

observed for copper and carbon can arise from the fact that the amount of carbon in base material is 

significantly higher than the amount of copper (see Table 1) and thus the signal of carbon is probably less 

sensitive to its changes. 

 

Fig. 5 Detail of friction layer on the abraded surface of stainless steel disc imaged using SEM, EDX spectra, 

showing the chemical composition of A) friction layer and B) bulk material 
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Cross section of the stainless steel disc in the state after the friction test was studied using SEM-EDX and 

the detail of the friction surface is shown in Fig 5. Again the EDX analysis was used for documentation of the 

presence of the elements in rotor in the friction surface to base material direction. Comparing the EDX 

spectra in Fig. 5A and Fig. 5B, it is evident that copper was analyzed only in the friction layer, whereas it 

was not identified in the base material due to its low content (Table 1). It is evident that copper represents 

the element that could serve as a marker of the presence of friction layer and could help to estimate its 

thickness. With respect to the presence of copper in friction layer, the thickness of friction layer was 

estimated 270 nm. 

5. CONCLUSION 

The aim of this work was to identify the suitability of the depth profile analysis performed using GD-OES 

technique for characterization of friction layers originated on the surface of cast iron and stainless steel discs 

after the friction test. It was proved that the selection of suitable chemical element (-s) as the marker (-s) of 

friction layer is important step during the creating of own analysis method. Although there exist also 

drawbacks followed utilization of GD-OES for depth profile analysis of friction layers (like influence of surface 

roughness), the GD-OES is the promising supplementary technique for this purpose, especially in 

combination with SEM-EDX analysis. The negative influence of surface roughness on the interpretation of 

the depth profiles of elements could be overcome by correlation of the depth profile with 3D topography 

images of the area before and after GD-OES analysis. 
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Abstract 

In recent years, the problem of searching of alloy compositions with a predetermined set of physical, 

chemical and other special properties gets a great attention. The basis of the synthesis of alloys is 

consideration of the results of physical-metal-electrochemical, technological and technical-economic analysis 

based on the latest advances in metallurgy, foundry, material science and electrochemistry. On the basis of 

the accepted categories of requirements and restrictions by the way of sequential logical elimination of 

elements of Periodic system it is established that as the base metals of sacrificial alloys it is necessary to use 

of aluminum, magnesium and zinc. As a result of physical and chemical analysis and of evaluation of the 

interaction of the base metals of sacrificial alloys with elements of Periodic system taking into account 

metallurgical and foundry factors, electrochemical and economic indicators, are highlighted ranks of major 

alloying elements and group of impurities for aluminum, magnesium and zinc, respectively. Results of 

complex researches of corrosion and sacrificial properties of alloys based on aluminum, magnesium and zinc 

allowed establishing the possibility of practical use of sacrificial materials for protection of metal constructions 

and structures which are operating in different environments. 

Keywords: development, composition, sacrificial alloys, electrochemical properties 

1. INTRODUCTION 

One of the most accessible and promising ways to protect metal structures and designs of galvanic corrosion 

is cathodic protection with cast protectors of different dimension sizes of alloys based on aluminum, 

magnesium and zinc [1]. 

A characteristic feature of the standard sacrificial alloy is extremely low content of admixture elements of 

cathode. The increased content of these elements in the alloy leads to the chemical and structural 

heterogeneity that causes the occurrence of electrochemical heterogeneity in the metal-electrolyte system, 

which destabilizes and reduces operating properties of cast protectors [2-4]. 

At present there are a large number of sacrificial alloys that differ in the number of alloying elements and 

their content. Data on the composition of sacrificial alloys showed significantly, often unjustified diversity, 

some of which contain hard to solve and toxic elements. The main reason for this is absence of an integrated 

approach to selection of protective properties of compounds. At this approach must be taking into account 

not only the electrochemical properties, but also technological properties and other indicators. 

In the last decade search of alloy compositions with a predetermined set of physical and mechanical 

properties and other special properties have a great attention [5-7]. The article presents a methodology for 

the synthesis of alloys with desired properties. 

2. SYSTEM OF DESIGN OF ALLOY COMPOSITIONS 

Solution to the problem of choice of alloy composition is as follows: 

 Task formulation to the alloy, 

mailto:kechin@vlsu.ru
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 selection of the basis of the alloy, 

 selection of alloying elements and admixtures, 

 selection of alloying complex, 

 selection of the alloy composition. 

Task formulation to the alloy is done by the customer. In the task the customer provides guidance on the 

requirements to the alloy and highlights the very important property required of the alloy. The task highlights 

limitations of other controlled properties (operating and technological) and technical and economic 

parameters. 

The choice of the alloy base is done by the designer-developer together with a technologist. When you 

select a base of the alloy are determining operating properties (tensile strength, relative elongation, corrosion 

resistance, electrical conductivity, etc.) and its cost. 

The choice of alloying elements and harmful admixtures are based on twin interactions base of the alloy with 

the other elements of the Periodic system in view of technical and economic parameters and characteristics. 

With the enough quantity of 

the double diagrams of the 

state the selection of the 

components for alloying the 

corresponding basis and 

receiving the admixture 

elements is done using the 

dimensionless criteria, taken 

from the initial sections of the 

corresponding phase 

diagrams [5, 6]. As the 

defining criteria used 

solubility () - is the 

maximum solubility of the 

elements (at.%) alloy base 

referred to the temperature of 

the eutectic, peritectic, 

(monotectic) and the 

distribution criteria () - is 

the ratio of the element 

concentration (at.%) in the 

solid СS and liquid СL states for the corresponding temperatures. Maximum solubility (criterion ) shows the 

maximum number of atoms of the element dissolved in the base (without the second phase). The greater 

solubility of atoms of the element in the base alloy, the stronger will be the change properties.  criterion for 

eutectic and monotectic transformations will be  < 1, for peritectic  > 1. In other words, a dimensionless 

criterion  characterizes soluble elements in the solid and liquid phases (  СS /СL) at T = const. To select a 

group of alloying elements there are criteria of cold brittleness, heat treatment, fluidity, electrochemistry, etc. 

Fig. 1 shows the field distribution of the elements of the Periodic system in four groups (I - the main alloying 

elements; II - auxiliary alloying elements; III - neutral elements; IV - trace elements), depending on the values 

criteria  and . 

Group I (alloying additions) contains elements  > 1 at.% with the distribution criterion values close to 1. 

Group II (auxiliary additions) contains elements with low solubility ( = 0.01…1.0 at.%) and close to the unity 

Fig. 1 Field of distribution of the elements 
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distribution criterion. Elements of this group further enhance a particular property, and can serve as a micro-

alloying or modifying agents. Group III (neutral elements) contains the elements with very low solubility in the 

base alloy ( = 0.01 ÷ 0.0001 at.%). Regardless of the distribution criterion () these items do not affect the 

change in the properties. Typically their content is not regulated by alloy standards. Group IV (harmful 

impurities) contains elements having substantially different from one criterion distribution () and very low 

solubility in the base alloy. At the solubility limit less than 0.001 at.% these elements enter the neutral group. 

The choice of alloying complex implies selection for the use jointly of certain elements of the group I (Fig. 1). 

In complex alloying properties of the substrate alloy are changed more substantially than at alloying with one 

element. The feasibility and necessity of complex alloying is defined by: 

• The requirement to ensure the necessary level of several properties (eg. high value of tensile strength 

σ at given level of relative elongation  [%]; or high technological properties while maintaining the level 

of mechanical properties). 

• The need to reduce the negative impact of harmful elements on the properties of the alloy (for 

example, in the iron-based alloys for the binding of oxygen Si, Mn, Al are introduced; for binding of 

hydrogen titanium and zirconium are introduced in aluminum alloys). 

Some experience suggests that the introduction of the third component in the composition comprising a base 

alloy and the 1st component, it is more effective if they have a high mutual solubility with the 1st component. 

At the final stage of selecting the alloy the problem by setting the specific content of each member of the 

alloying complex is solved. To do this, according to the state diagrams the limits of variation of concentration 

within the framework of the alloy components are defined. Then, using the active experiment in terms of the 

most important properties the optimal composition of the alloy and the corresponding tolerances on the 

content of alloying components and maximum permissible concentrations of harmful pollutants are 

determined. 

The final decision on the composition of the alloy is made after pilot experimental testing. 

3. STUDIES AND RESULTS 

Table 1 Choosing a basis of sacrificial alloys  

Category requirements 
Substantiation of selected 

limitations 
The number of items that meet 

the specified limits 

Elements of the Periodic system - All the elements 

Metals of the Periodic system Metals can only be the alloy base 79 

Metals of Periodic system rather 
than radioactive, rare, precious, 

and toxic 

It is caused by specifics of 
production and operation of 

sacrificial alloys 
36 

Melting point Tm  2000 °C  

It is called by the design feature 
of the protectors using steel-

framed structures 
22 

Hardness HB ≥ 100 
Tensile strength at yield (σ) ≥ 

100 MPa 

It is caused by structural strength 
and mechanical-technological 
properties of cast protectors in 

their manufacture and use 

11 
 
9 

Relative elongation ()  5 %  7 

Standard potential (o)  0.5  4 

Stationary potential in seawater 

(-s)  0.5 

It is due to the fact that the mean 
values and standard stationary 

potential of protected steel 

structures are -0.36  -0.44 V 

 
3 

(Al, Zn, Mg) 
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Selection of sacrificial alloy is based on an analysis of the results of physical-metal-electrochemical, 

technological and technical and economic analysis also the main metal study views. Taken on the basis of 

categories of requirements and constraints by sequential logic elements screening of the Periodic system, it 

was found that of all the elements as the base metal of sacrificial alloys Al, Mg and Zn (Table 1) are used. 

Basic electrochemical properties of the metal base of the sacrificial alloys are presented in Table 2. 

Table 2 Electrochemical properties of the metal base of sacrificial alloys 

Metal Anode process 

Negative potential (V) Current return, Of, (A.h)/kg Coefficient 
of use 

efficiency 
(%) 

Standard 

o 

Stationary 
in 

seawater 
Theoretical Actual 

Aluminum Al = Al 3+ + 3e 1.66 0.56 2980 2500 83 

Magnesium Mg = Mg 2+ + 2e 2.36 1.40 2200 710 32 

Zinc Zn = Zn 2+ + 2e 0.76 0.82 820 800 97 

Selection of series of alloying elements was 

carried out on the base of analysis of initial 

parts of the phase diagrams, formed by the 

basis of sacrificial alloy with all the other 

elements of the Periodic system. When 

choosing the alloying elements and the 

establishment of harmful admixtures as criteria 

for determining of the solubility (), distribution 

() and electrochemical criterion () are used. 

Figs. 2 - 4 show the values of the criteria ,  

and for different groups of elements with 

respect to the metal base for sacrificial alloys.  

The numerical values of the criteria for the 

different groups of elements are taken on the 

basis of the requirements for sacrificial alloy by 

chemical, electrochemical and structural 

homogeneity. As a result of physical and 

chemical analysis and evaluation of the 

interaction of the metal base for sacrificial 

alloys with elements of the Periodic system 

taking into account technological, 

electrochemical, and economic indicators rows 

of main and auxiliary alloying elements, for 

aluminum - Zn, Mg, Mn, Si, Ca; for magnesium - Al, Zn, Mn, Si, Ca; for zinc - Al, Mg, Mn are highlighted. 

The groups with harmful admixtures include: for aluminum - Fe, Cu, O, H; for magnesium - Fe, Cu, Ni, O, H, 

Cl; for zinc - Fe, Cu, Pb, O, H. 

Based on management's established requirements and restrictions for experimental verification of the design 

of alloy compositions selected for aluminum - Mg, Zn, Mn; for magnesium - Al, Zn, Mn; for zinc - Al, Mg, Mn. 

Fig. 2 The distribution of elements on the Periodic 

system of the criteria  and  regarding aluminum 
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Fig. 3 The distribution of elements on the Periodic system of the criteria  and  regarding magnesium 

 

Fig. 4 The distribution of elements on the Periodic system of the criteria  and  regarding zinc 
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Under the constraints of the alloying elements and iron admixture the task is solved with the use of an active 

experiment for optimizing the composition of sacrificial alloys. As the optimization parameter coefficient of 

use efficiency (CUE) was adopted, which determine the service life and efficiency of the protection in the 

operation. 

When choosing the main level and interval of variation for iron admixture and alloying elements of the 

complex not only the nature of the interaction of the elements with each other and with the base metal was 

taken into account, but also the available experimental data on technological and operational properties of 

cast alloys based on them (Table 3). 

Table 3 Initial data for the experimental design matrix (for number of factors K = 5) relative to the metal base 

for sacrificial alloy  

Code designation X1 X2 X3 X4 X5 

 Aluminum base 

Natural designation Mg Mn Zn Si Fe 

Main level (O), % 
Interval of variation, % 
The upper level (+), % 
The lower level (-), % 

1.0 
0.8 
1.8 
0.2 

0.1 
0.1 
0.2 
0 

2.5 
2.0 
4.5 
0.5 

0.5 
0.44 
0.94 
0.06 

0.1 
0.09 
0.19 
0.01 

 Magnesium base 

Natural designation Al Zn Mn Si Fe 

Main level (O), % 
Interval of variation, % 
The upper level (+), % 
The lower level (-), % 

3.0 
2.95 
5.95 
0.05 

2.0 
1.95 
3.95 
0.05 

0.25 
0.23 
0.48 
0.02 

0.30 
0.24 
0.54 
0.06 

0.005 
0.004 
0.009 
0.001 

 Zinc base 

Natural designation Al Mg Mn Si Fe 

Main level (O), % 
Interval of variation, % 
The upper level (+), % 
The lower level (-), % 

0.40 
0.30 
0.70 
0.10 

0.15 
0.15 
0.30 

0 

0.15 
0.15 
0.30 

0 

0.05 
0.05 
0.10 

0 

0.004 
0.003 
0.007 
0.001 

Mathematical processing of the experimental data with respect to screen out non-significant coefficients 

yielded the following regression equation in kind: 

Aluminum base: 

CUE = 76.81 + 8.79 Mg + 5.21 Mn - 0.42 Zn - 7.28 Si - 38.83 Fe - 4.63 Mg2 - 109.0 Mn2 + 0.13 Zn2 - 0.31 

MgZn + 0.63 MgSi + 3.13 MnZn + 7.50 MnSi -25.0 MnFe + 0.25 ZnSi + 7.50 SiFe. 

Magnesium base: 

CUE = 51.48 + 0.64 Al + 3.96 Zn + 38.46 Mn - 53.39 Si - 1560.5 Fe - 0.65 Zn2 - 37.06 Mn2 + 96.17 Si2 + 

80593 Fe2 + 0.04 AlZn - 0.74 AlMn - 0.35 AlSi - 21.19 AlFe - 1.67 ZnMn - 1.07 ZnSi - 128.21 ZnFe - 

18.17 MnFe - 271.74 MnSi -781.25 SiFe. 

Zinc base: 

CUE = 98.06 - 2.53 Al + 55.16 Mg + 19.60 Mn - 112.87 Si - 1780.95 Fe + 4.20 Al2 -161.70 Mg2 - 100.59 Mn2 

+ 144.74 Si2 - 29.4 Fe2 - 19.44 AlMg + 5.56 AlMn + 41.67 AlSi - 277.78 AlFe + 50.0 MgSi - 555.56 MgFe 

+ 166.67 MnSi - 833.33 MnFe + 16666 SiFe. 

Note: Composition of elements is in wt.% 
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The analysis of these equations for the alloys Al, Mg and Zn (equations adequate for  = 0.05) shows that 

the maximum values of the CUE alloys take place at the following values of the independent variables, wt.% 

(Table 4). 

Table 4 The chemical composition of alloys, providing maximum CUE (%) 

Base alloys CUE, %  Al Mg Zn Mn Si Fe 

Aluminum 
Magnesium 

Zinc 

75.58 
63.57 
98.49 

base 
2.32 
0.30 

0.83 
base 
0.15 

4.50 
2.54 
base 

0.11 
0.40 
0.10 

0.06 
0.01 
0.00 

0.01 
0.001 
0.001 

Given the tolerances of the alloying components (tolerances of alloying components  are defined by   

(0.25  0.65) C , where C - concentration of the element in the alloy, wt.%), the optimal composition of 

different sacrificial alloy bases have the following features: 

Aluminum alloy: 

• Composition (wt.%): Al (base) + (3.6  5.4) Zn + (0.55  1.05) Mg + (0.0  0.3) Mn; 

• Properties: stationary potential s  690  710 mV; work potential at polarisation p  570  600 mV, 

current return Qf = 2150  2350 Ah/kg; CUE  72  78 %; corrosion rate K = 0.08  0.11 mm/year. 

Magnesium alloy: 

• Composition (wt.%): Mg (base) + (2.0  3.0) Al + (2.0  3.0) Zn + (0.15  0.50) Mn. 

• Properties: s = 1350  1450 mV; p = 1150  1240 mV; Qf = 1280  1400 Ah/kg; CUE = 58  64 %; 

K = 0.45  0.55 mm/year. 

Zinc alloy: 

• Composition (wt.%): Zn (base) + (0.15  0.45) Al + (0.10  0.35) Mg + (0.05  0.25) Mn. 

• Properties: s = 800  830 mV; p = 690  780 mV; Qf = 740  780 Ah/kg; CUE = 93  96 %, K = 

0,05  0.08 mm/year. 

4. CONCLUSIONS 

The obtained results confirm the acceptability of fusion of alloys based on a comprehensive assessment of 

physical, chemical and other characteristics when choosing a base of the alloy and groups of alloying and 

admixture elements. Applied to sacrificial alloy with regard of specific requirements and limitations as bases 

were aluminum alloys, magnesium and zinc for which the groups of alloying and impurity elements were 

determined. 

Data received during an active experiment allowed within the Al-Zn-Mg to determine alloy chemical 

composition based on aluminum, magnesium and zinc, providing maximum efficiency of use of sacrificial 

alloys in operation. 
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Abstract 

In manufacturing of products from the aluminum matrix composite alloys (AMC’s) reinforced with dispersed 

particles, are inevitably formed sub-standard waste in the form of waste of castings, ingots, profits, the 

splashes, the fulfilled details, etc. Therefore in the general technical and economic balance of production and 

exploitation of AMC’s questions of a recycling of AMC’s or restoration of products from them for a reuse are 

important. One of solutions of this problem is remelting of sub-standard waste and the fulfilled details from 

AMC’s. To study of influence of AMC’s remelting on changing of their structure, morphology and distribution 

of reinforcing phases AMC’s of model compositions [Al + 5 wt.% Ti] and [Al + 5 wt.% Ti + 2.5 wt.% SiC] were 

chosen. The samples received before remelting, after one remelting and after two repeated remeltings are 

subjected to comparative researches. The analysis of results shows that repeated remelting can promote 

redistribution of reinforcing particles in volume of composite alloy and reduce structural heterogeneity. At the 

same time, after the second remelting was a significant increase in average sizes of intermetallic phases and 

expansion of interphase zone at the interface “matrix - reinforcement” that testifies that interaction of SiC 

particles with matrix melt is revealed. Therefore at repeated remeltings (three and more) partial degradation 

of silicon carbide as a result of its interaction with aluminum is possible. In general, conducted researches 

show basic possibility of using of AMC’s after processing as a charge when producing new composites. It is 

possible to note that in most general case, AMC’s doesn’t allow more than two repeated remeltings, since 

the surface interaction at interfaces can lead to partial or complete degradation of silicon carbide. 

Keywords: aluminum matrix composite alloys, interface interaction, recycling 

1. INTRODUCTION 

Creation of new materials of constructional and functional purpose with essentially new level of properties is 

now a key task in development of industries such as automotive, power mechanical engineering, aerospace 

and defensive industry, machine-tool construction, instrumentation and many others. In recent years 

increase of attention of researchers to development and research of the aluminum matrix composite alloys 

(AMC's) which application allows reaching substantial increase of level of physic-mechanical and operational 

properties and expansion of temperature and power intervals of work of products [1] is observed. Range of 

areas of use of AMC’s at the present stage of development of mechanical engineering constantly extends 

taking into account new spheres of their application. At the same time, despite available positive results on 

AMC’s application in various branches of mechanical engineering, their use can be much wider and more 

effective. One of the factors constraining broad commercialization of AMC’s, the insufficient development of 

questions of their recycling or processing for a reuse as by production of products sub-standard waste is 

inevitably formed of AMC’s in the form of waste of castings, ingots, profits, the fulfilled details, etc. 

One of approaches to solving this problem is development of methods of the separation of a matrix and a 

disperse reinforcing phase for the purpose of restoration of a matrix material for its reuse. So, in work [2] 

composite alloys of Al/SiCp system processed with salt flux NaCl + KCl + NaF which mechanically involved 

in composite melt at 700 ºС; thus observed flotation of ceramic particles to the surface of the melt. In work [3] 

mailto:panfilov@vlsu.ru
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for the separation of a matrix and a reinforcing phase in AMC’s reinforced by short fibres of silicon carbide, 

flux compositions NaCl + KCl + Na2SiF6 (ratio 40:40:20) and KCl + AlF3 + K3AlF6 (ratio 60:20:20) are 

successfully tested. At the same time, AMC’s are much more expensive materials in comparison with matrix 

alloys or reinforcements therefore an actual task is search of opportunities of restoration of products from 

AMC’s for a reuse by remelting. 

The purpose of this work is establishment of basic possibility of a reuse of AMC’s after their remelting. 

2. EXPERIMENTAL PROCEDURE 

For an assessment of basic possibility of a reuse of AMC’s after remelting studied influence of multiple 

remelting of AMC’s reinforced by disperse particles, on change of their structure, morphology and distribution 

of reinforcing phases. For investigations AMC’s of model compositions [Al + 5 wt.% Ti] and [Al + 5 wt.% Ti + 

2.5 wt.% SiC] were chosen. AMC’s received before remelting, after one remelting and after two repeated 

remeltings are subjected to comparative researches.  

The technology of manufacturing of AMC’s used in work includes mixing and mechanical activation of 

powders of initial components, briquetting of the received composite mix and input of briquettes in matrix 

melt, endurance of melt for formation of endogenous reinforcing phases, mixing and pouring [4]. Smelting of 

alloys made in the electric resistance furnace of SAT-type with a pull-out alundum crucible and automatic 

temperature control. For mixing and mechanical activation of powders of initial components used a 

laboratory planetary ball mill Retsch PM200. Production of briquettes from mechanically activated powder 

mixtures carried out by means of a manual hydraulic press with nominal pressure of 8 tons. 

Initial AMC’s produced at identical time-temperature modes: temperature of input of powder briquettes in 

melt 800 ºC, holding time of composition before pouring 30 ± 1 min. Samples was poured in a metal form, 

pouring temperature 750 ºC. Researches of microstructure of samples were performed using inverted 

metallographic microscope Nikon Epiphot TME 200. The sizes of phases determined by the module 

Measurements 1.2 included in the software package MetalTest. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows images of the microstructure of the initial AMC [Al + 5 wt.% Ti]. It can be seen that in the alloy 

structure reinforcement particles are distributed unevenly, there are clusters of particles and areas free of 

them. Morphology of formed phases - block type and it is close to equiaxed, the average size of formed 

intermetallic compounds was 15 ÷ 18 μm. 

 
a) 

 
b) 

Fig. 1 Initial AMC [Al + 5 wt.% Ti], magnification a) 50x, b) 100x 
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Fig. 2 shows images of the microstructure of AMC [Al + 5 wt.% Ti] after first remelting. 

 
a) 

 
b) 

Fig. 2 AMC [Al + 5 wt.% Ti] after first remelting, magnification a) 50x, b) 100x 

 

Comparative analysis of Fig. 1 and Fig. 2 shows that after remelting of AMC’s is possible redistribution of 

reinforcing particles and reducing of structural heterogeneity; the uniformity of the particles distribution is 

improved. There has also been growth in the average size of the intermetallic phases (from 15 ÷ 18 μm in 

initial AMC’s to 23 ÷ 26 μm after one remelting). 

In Fig. 3 images of a microstructure of AMC [Al + 5 wt.% Ti] after two repeated remeltings are presented. 

 
a) 

 
b) 

Fig. 3 AMC [Al + 5 wt.% Ti] after two repeated remeltings, magnification a) 50x, b) 100x 

 

It can be seen that the particles distribution after the second remelting is substantially improved. The 

average size of intermetallic phases is 32 ÷ 35 μm. 

The received results testify that in AMC’s on the base of system [Al + 5 wt.% Ti] repeated remeltings can 

improve uniformity of distribution of particles in a matrix, however multiple remeltings can lead to significant 

increase in the sizes of intermetallic phases. 

Figs. 4 - 6 show images of the microstructure of AMC [Al + 5 wt.% Ti + 2.5 wt.% SiC] in initial condition, after 

one remelting and after two repeated remeltings. 
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a) 

 
b) 

Fig. 4 Initial AMC [Al + 5 wt.% Ti + 2.5 wt.% SiC], magnification a) 50x, b) 100x 

 

 
a) 

 
b) 

Fig. 5 AMC [Al + 5 wt.% Ti + 2.5 wt.% SiC] after first remelting, magnification a) 50x, b) 100x 

 
a) 

 
b) 

Fig. 6 AMC [Al + 5 wt.% Ti + 2.5 wt.% SiC] after two repeated remeltings, magnification a) 50x, b) 100x 

Analysis of Figs. 4 - 6 shows that repeated remelting of AMC’s containing as a reinforcing phase silicon 

carbide, can cause partial degradation of SiC particles. It is known [5] that as a result of chemical interaction 

of SiC with aluminum melt at temperatures above 650 ºС the reaction is 
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4 Al + 3 SiC = Al4C3 + 3 Si           (1) 

It should be expected formation of Al4C3 particles, allocation of free silicon, reduction of volume and the sizes 

of SiC particles and possible formation of new phases in the aluminum matrix. Nature of bonds and 

composition of products on interphase borders depend not only on the type of reinforcements, but also on 

presence of alloying elements in aluminum melt. It is known that the addition of Si in aluminum melt leads to 

attenuation of the reaction (1). In addition, the interaction of aluminum carbide Al4C3 with silicon dissolved in 

the melt or with free silicon particles by the reaction of (1) the possibility of a reverse reaction: 

Al4C3 + 3Si = 4 Al + 3 SiC           (2) 

with formation of -SiC. 

It should be noted that the partial interaction of the dispersed reinforcing phase with the matrix, helping to 

increase the adhesion forces, may have a positive effect on the properties of the composite. However, active 

and deep interaction should be limited by the regulation of the chemical composition of the matrix, limiting 

temperature and the holding time of the composite in a liquid state and the selection of the size of SiC 

particles. 

Finally, it is possible to note that the use as matrices for the AMC’s aluminum-silicon eutectic alloys and 

hypereutectic compositions allows multiple remelting of AMC’s with careful observance of technological 

regimes. Multiple remelting AMC’s silicon-free based alloys containing dispersed particles of SiC are 

undesirable because surface interactions at the interfaces lead to a significant reduction in the size of SiC 

particles and can lead to their complete degradation. 

4. CONCLUSIONS 

The analysis of results shows that repeated remeltings can promote redistribution of reinforcing particles in 

volume of composite alloy and reduce structural heterogeneity. At the same time, after the second remelting 

was a significant increase in average sizes of intermetallic phases and expansion of interphase zone at the 

interface “matrix - reinforcement” that testifies that interaction of SiC particles with matrix melt is revealed. 

Therefore at repeated remeltings (three and more) partial degradation of silicon carbide as a result of its 

interaction with aluminum is possible. 

In general, conducted researches show basic possibility of using of AMC’s after processing as a charge 

when producing new composites. It is possible to note that in most general case, AMC’s doesn’t allow more 

than two repeated remeltings, since the surface interaction at interfaces can lead to partial or complete 

degradation of silicon carbide. 
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Abstract  

Rapid solidification is one of possible method to produce nanocrystalline alloys. In case of aluminium based 

rapidly solidified alloys, the material is formed of fcc-Al grains and intermetallic phases crystalline ether 

quasicrystalline. The study of these intermetallic phases is complicated by strong signal of fcc-Al in almost all 

analytical methods. It this paper, the study of whole ribbons prepared by melt spinning and study of extracted 

phases will be compared. The advantages and disadvantages of both sample types will be described. Both 

type of samples were studied by X-ray diffraction and scanning and transmission electron microscopy. More 

over the ribbons were studied by positron annihilation spectroscopy 

Keywords: rapid solidification, aluminium alloys, melt spinning 

1. INTRODUCTION 

Rapidly solidified (RS) aluminium alloys are promising structural materials, because of their superior strength 

to weight ratio and excellent thermal stability in comparison with common aluminium alloys [1]. In this work, 

RS alloys prepared by melt spinning process are described. This process Leeds to production of thin ribbons 

with structural gradient is caused by changing cooling ability with increasing distance from the cooling wheel. 

Light microscopy can be used for observation of this gradient but for detailed information about the materials 

structure utilization of transmission electron microscopy is necessary. Phase composition of rapidly solidified 

ribbons can be determined by x-ray diffraction (XRD). To obtain more information about matrix of RS 

ribbons, positron annihilation spectroscopy can be used [2-4]. 

2. EXPERIMENTAL 

In this paper, an alloy with composition given in Table 1 was studied. It was prepared by melting of 

appropriate amounts of master alloys and pure metals (AlCr11, Al, Fe and Ce). Subsequently, RS ribbons 

were prepared by melt spinning. Circumferential speed of cooling wheel was 20 m/s, which lead to ribbon 

thickness of 50 m in the plane parts and maximum thickness of 90 m.  

Table 1 Chemical composition of studied alloys (in wt.%) 

Alloy  Al Cr Fe Ce 

AlCr3Fe3Ce1 93.02 3.17 2.92 0.83 

Melt spinning procedure was performed in air. Chemical composition was determined by x-ray fluorescence 

spectroscopy (XRF) using spectrometer ARL 9400 XP. Transmission electron microscopy (TEM) samples 

were prepared by grinding the 3 mm disc to the thickness of 50 m once from the free side and one from the 

wheel side of the ribbon and by dimpling by Gatan Dimple Grinder, Model 656 to the final dimple thickness of 

10 m. Subsequently the samples were precision ion polished by Gatan PIPS, the Model 691. This 

procedure allowed to observe separately the wheel and the free side of the RS ribbon. The conventional x-
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ray diffractions from wheel side and free side of the ribbon were measured by PAN analytical X’Pert PRO + 

High Score Plus with Cr anode. The rapidly solidified (RS) alloy were examined by positron annihilation 

spectroscopy (PAS), during which, a positron source was sandwiched between several pieces of rapidly 

solidified ribbons stacked tightly so that there was no air gap in between. A high resolution digital 

spectrometer [5,6] was employed for life time (LT) investigations of studied alloys. The coincidence 

measurements of Doppler broadening (CDB) spectrometer consists of two high-purity Ge detectors and 

commercial nuclear instrument modules operated by a PC. The relative changes of Doppler profiles were 

followed as ratio curves of the Doppler profile normalized counts to those of the well annealed pure Al 

(99.9999 %) reference profile.  

3. RESULTS AND DISCUSSION 

The cross section of rapidly solidified ribbon exhibits structural gradient, as shown in Fig. 1. The wheel side 

with ultra rapidly solidified area (URSA) is situated into the bottom part of the figure. The thickness of URSA 

is dependent on chemical composition and on cooling rate and in case of AlCr3Fe3Ce1 alloy it reaches the 

value of 26 m. 

 

 
Fig. 1 Structure of cross sectioned AlCr3Fe3Ce1 

melt spun ribbon (LM) 

Fig. 2 XRD diffraction pattern of AlCr3Fe3Ce1 alloy 

from wheel side and free side of the ribbon 

 

  

Fig. 3 TEM micrograph of the wheel side of 

AlCr3Fe3Ce1 alloy 

Fig. 4 TEM micrograph of the free side of 

AlCr3Fe3Ce1 alloy 
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The phase compositions of the wheel and the free side of the ribbon are similar in the meaning of presence 

of the phases but they are different in ratio of present phases, as illustrated in Fig. 2. The free side pattern 

includes on the top also the peaks of Al2O3 and more intensive peaks of Al20CeCr2 phase, which formation is 

preferred while slow cooling rates. 

The microstructure of wheel side of AlCr3Fe3Ce1 alloy ribbon is shown in Fig. 3, while the microstructure of 

free side of AlCr3Fe3Ce1 alloy ribbon is shown in Fig. 4. There is obvious difference in fcc-Al grains size - 

the matrix grain size on the wheel side is about 300 nm, while the grain size on the free size is approximately 

400 nm. 

More of detailed informations about matrix can be obtained by positron annihilation spectroscopy. The 

informations from life time measurement are given in Table 2 and correspond to defects of matrix lattice.  

Table 2 Positron lifetime results of RS AlCr3Fe3Ce1 alloy  

Sample 1 (ps) I1 (%) 2 (ps) I2 (%) 3 (ps) I3 (%) 

RS ribbon 116 (2) 8.7 (3) 243 (1) 89.6 (2) 880 (40) 1.7 (5) 

The first part of positrons with life time of 116 ps 

annihilate in non-defect matrix. The second part with 

lifetime of 243 ps annihilates on dislocations and the 

third part with lifetime of 880 ps annihilates in 

microvoids formed by vacation clusters. 

The shapes of CBD ratio curves of RS alloy and of 

annealed alloys are almost similar to shape of pure 

Al curve, as illustrated in Fig. 5. It gives clear 

evidence that positrons annihilate predominantly 

with Al electrons. As shows these results, positron 

annihilation spectroscopy is very useful tool for 

study the matrix of rapidly solidified alloys. On the 

other hand, it gives us no information about the 

minor intermetallic phases present in ribbons of 

rapidly solidified alloys. In order to obtain information 

about minor intermetallic phases it is necessary to 

extract them from the matrix. 

  
Fig. 6 XRD pattern of extracted intermetallic phases (1- 

quasicrystalline phase Al80(Cr,Fe)20, 2 - Al13Cr2, 3 - Al13Fe4, 
4 - Al20CeCr2, 5 - fcc-Al) 

Fig. 7 TEM micrograph of extracted 
intermetallic phases 

 
Fig. 5 CBD ratio curve (related to well annealed pure 

Fe) of RS AlCr3Fe3Ce1 alloy compared with the 

CBD curve of pure Al 
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The extraction of minor phases from rapidly solidified can be successfully performed in water solution of 40 

g/l tartaric acid and 10 g/l FeCl3. In XRD pattern the peaks of minor phases are clearer because they are not 

overlayed by peaks of peaks of fcc-Al matrix, as shown in Fig. 6. 

The extracted phases can be observed by TEM, see Fig. 7. It provides us with the information about 

morphology of intermetallic particles, which cannot be obtained by any other method. 

CONCLUSION 

It was shown in this paper, that not only classical analytical methods such as light microscopy and 

transmission electron microscopy can be used for study of rapidly solidified alloys. Also not conventional 

methods such as positron annihilation spectroscopy can provide very interesting information about matrix of 

rapidly solidified ribbons. Not all information can be obtained from whole material - the selective dissolution 

of matrix leads to better description of minor intermetallic phases.  
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Abstract  

Aluminum alloys prepared by rapid solidification are prospective materials for many special applications. In 

this work, microstructure of three rapidly solidified aluminum alloys has been studied and compared. Alloys 

of following chemical composition were studied: Al-11Fe, Al-7Fe-4Ni and Al-7Fe-4Cr (wt. %). Nickel and 

chromium were chosen as alloying elements due to the low solubility and diffusivity in aluminum matrix which 

improve mechanical properties and thermal stability at elevated temperatures. Samples in the form of thin 

ribbons were prepared by melt spinning technique. Microstructure of investigated alloys was studied by 

scanning electron microscopy (SEM). Phase composition was determined by X-ray diffraction (XRD). Vickers 

hardness (HV 0.005) was measured to estimate mechanical properties as well as thermal stability after long 

term annealing (500 h) at 300 and 400 °C. Rapidly solidified alloys consist predominantly of supersaturated 

solid solution of alloying elements in aluminum on the wheel side and fine particles of intermetallic phases on 

the free side. Material hardness decreases with increasing temperature. Chromium improves the thermal 

stability more than nickel. 

Keywords: aluminum alloys, rapid solidification, transition metals, melt spinning  

1. INTRODUCTION 

Aluminum alloys are well known as construction materials used especially in automotive or aerospace 

industry. These alloys are dominantly used for light components due to relatively low price connected with 

good strength-to-weight ratio. However, thermal stability of aluminum alloyed by Zn, Cu or Mg manufactured 

by conventional casting is unsatisfactory. Applicability limits of common Al alloys do not exceed 150 ÷ 200 

°C. It is already mentioned in literature [1, 2, 3] that thermal stability can be improved by alloying aluminum 

by transition metals (TM), e.g. Fe, Ni, Cr or Mn. Transition metals are able to stabilize the alloy properties at 

elevated temperatures due to low solubility and diffusivity in aluminum matrix. Another way how to improve 

thermal stability and mechanical properties is to refine the microstructure by increasing cooling rate. In 

technical practice, atomization, melt spinning and re-melting the surface by electron beam or laser beam are 

commonly used. Atomization of the melt by inert gas or liquid produces metallic powder; the solidification 

speed varies in 102 ÷ 104 K.s-1. Melt spinning process allows reaching solidification rates even higher, about 

104 ÷ 106 K.s-1 [4]. In this process, molten alloy is cast onto intensively cooled wheel. Thin metallic ribbon is 

formed on the wheel´s surface. Rapid solidification (RS) allows formation of supersaturated solid solutions, 

metastable and quasi-crystalline or amorphous phases. [5, 6, 7] This has significant effect on microstructure 

of the alloy, which becomes very fine thus providing better mechanical properties or thermal stability. When 

compared to traditional aluminum alloys, it is possible to use these materials in wide range of industrial 

branches and in special applications. 

Expansion of automotive industry results in increasing production of aluminum alloys. However, increasing 

production is closely related to dealing with waste. Aluminum scrap is often contaminated by metals and 

metalloids (Fe, Si, Cr, Ni, Cu or Mg), which are very difficult to be separated. Generally, there is no effective 

and economically suitable method for this waste treatment. Higher amounts of iron can be removed by 

magnetic separation, it is also possible to dilute aluminum scrap by pure aluminum, but this is very costly and 

increases the material price. Producing the master alloys including transition metals from aluminum scrap 
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seems to be very prospective. These master alloys can be further processed, e.g. by mentioned rapid 

solidification. Manufactured alloys have better properties such as hardness, thermal stability, better ductility 

connected to low density. Due to this unique combination they can probably replace titanium alloys in some 

lower-demanding applications, while the price and density are lower. Aim of this work was to describe the 

microstructure and properties of Al-Fe, Al-Fe-Ni and Al-Fe-Cr alloys prepared by melt spinning. Chemical 

composition of investigated alloys was chosen as a model of iron- and stainless steel containing Al scrap.  

2. EXPERIMENTAL PART 

Investigated alloys were Al-11Fe, Al-7Fe-4Ni and Al-7Fe-4Cr (wt.%). Their chemical composition was 

chosen in order to model the metallic waste containing e.g. stainless steel with relatively high amount of 

nickel and chromium. The alloys were prepared by melting of the AlFe11 master alloy and by its re-melting 

with pure nickel and chromium. Samples in the form of thin ribbons were prepared by melt spinning. This 

process allows reaching solidification rates of about 104 ÷ 106 K·s-1. The molten alloy was cast onto high-

frequency rotating copper alloy wheel. Melting was obtained under argon protective atmosphere; 

temperature of the melt was 1200 °C. The process yields aluminum alloy ribbons of approx. 30 μm thick. 

Melt spinning was performed at the Institute of Materials and Machine Mechanics, Slovak Academy of 

Sciences, Bratislava. Microstructure of all samples was investigated by Olympus PME3 light microscope and 

TESCAN VEGA 3 LMU scanning electron microscope (SEM) equipped with Oxford Instruments INCA 350 

EDS analyser. Mechanical properties of investigated alloys were examined by room temperature Hanemann 

hardness measurements with a 0.005 kg (HV 0,005) load. Phase composition was determined by X-ray 

diffraction (XRD, X´Pert Pro). Thermal stability was investigated by Hanemann hardness measurement after 

annealing at 300 and 400 °C for 500 h.  

3. RESULTS AND DISCUSSION 

3.1 Microstructure 

Microstructure of the melt spun ribbons visualized by 

scanning electron microscope is shown in Figs. 1-3. 

Rapidly solidified sample is usually composed of a layer of a 

solid solution of alloying elements in aluminum on the wheel 

side where the cooling rate is more intensive, and of a layer 

of fine stable and metastable intermetallic particles on the 

air side of the ribbon. There is also significant transition 

zone between the solid solution and intermetallic zone. 

Particle size increases while the distance from the wheel 

side to the air one increases. 

XRD analysis proved that the wheel side of the ribbon is 

dominantly composed of supersaturated solid solution and 

nanocrystalline intermetallic phases, mainly metastable 

Al6Fe, while nickel or chromium remain dissolved in the 

aluminum matrix. The air side of Al-11Fe consists of fine 

Al6Fe and negligible amount of Al13Fe4. In the structure of 

Al-7Fe-4Ni, both the wheel side and the air side are 

composed of supersaturated solid solution of iron and nickel 

in aluminum, Al3Ni2, Al13Fe4 and quasicrystalline phase 

Al75Ni10Fe15. The amount of intermetallics and the particle 

size vary with the distance from the wheel side to the less intensively cooled part of the ribbon. The wheel 

Fig. 1 Microstructure of Al-11Fe (SEM) 
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side of Al-7Fe-4Cr is composed of chromium and iron dissolved in solid solution, the air side contains low 

amounts of FeAl3 and quasicrystalls of Al80Cr13,5Fe6,5.  

 

     

 Fig. 2 Microstructure of Al-7Fe-4Ni (SEM)        Fig. 3 Microstructure of Al-7Fe-4Cr (SEM) 

3.2 Thermal stability 

The results of the hardness measurements obtained during long term annealing at 300 ÷ 400 °C are shown 

in Figs. 4 and 5. The samples of the Al-Fe alloy annealed at 300 °C exhibit oscillating character caused 

probably by precipitation of intermetallics and grain coarsening. Chromium and nickel containing alloys are 

more stable: the hardness of these materials does not exceed 150 HV. Increase of annealing temperature to 

400 °C results in dramatic reduction of the hardness of Al-Fe and Al-Fe-Ni. Al-Fe-Cr stands at the value 

about 100 HV. It was concluded that Al-Fe and Al-Fe-Ni alloys are not suitable for applications at elevated 

temperatures because of their unsatisfactory hardness, changing with annealing time.  

 

Fig. 4 Hardness of individual alloys during long-term annealing at 300 °C 
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Fig. 5 Hardness of individual alloys during long-term annealing at 400 °C 

4. CONCLUSIONS 

This study was focused on the microstructure and thermal stability of Al-TM alloys prepared by melt spinning. 

The microstructure of melt spun ribbons is composed of supersaturated solid solutions of transition metals in 

aluminum matrix and very fine stable, metastable and quasi-crystalline intermetallics. Transition elements 

block the growth of intermetallics which results in very fine microstructure. On the other hand, Al-Fe alloy has 

reached the highest value of the microhardness in default state which is caused presumably by large amount 

of fine metastable phase Al6Fe. Chromium has significantly better effect on improving thermal stability. The 

hardness of Al-Fe-Cr at 300 °C lies between the values of Al-Fe and Al-Fe-Ni alloys, but at 400 °C it remains 

at almost the same values in contrast to distinctly lower values for the two other alloys. This fact can be 

explained by decomposition of quasi-crystalline phases into more stable fine intermetallics. Low values of the 

hardness for Al-Fe and Al-Fe-Ni are caused by easier coarsening of intermetallic phases. Unsatisfactory 

thermal stability determines these two alloys to be used only for thermally non-stressed components. The 

hardness of Al-Fe-Cr kept above 100 HV for both temperatures is promising.  
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Abstract  

Considering the rising prices of materials, the enterprises engaged in processing of alloys and in the 

manufacture of castings seek for ways of production cost reduction. One way of saving is consists in 

utilisation of recycled materials or in re-melting of foundry returns. This study is focused on evaluation of 

mechanical and thermo-mechanical properties of the Al-Cu alloy (RR.350) at multiple re-melting in cast 

condition. The research team focused on a change of following properties: tensile strength, hardness, micro-

hardness, change of chemical composition of the alloy, change of the microstructure of the alloy and 

dilatation after re-melting.  

Keywords: aluminum alloys, tensile strength, hardness, micro-hardness, dilatation  

1. INTRODUCTION 

Importance of alloys of non-ferrous metals as structural materials is currently growing thanks to their good 

mechanical and thermo-mechanical properties, low specific mass and possibility of thermal processing 

enhancing utility properties of the alloy. Thanks to the above-mentioned properties the non-ferrous metals 

alloys replace in various industries the iron-based alloys [1]. Use of these alloys is very important in machine-

building industry: e.g. for heat exchangers, equipment for oil refining, distillation apparatuses, pumps and 

piping. The largest use is, however, still in the transport industry, where they are used mainly for the 

components exposed to heat, such as cylinder heads, gears or aerospace components. This trend was 

intensified by the current economic crisis. One of the ways is to use recycled material or to re-melt foundry 

returns. 

1.1. Alloy RR.350 

Some of the most commonly used alloys are the aluminium based alloys. We focused on the Al-Cu based 

alloy of the type RR.350 due to its favourable properties, low mass, minimal dilatation and its ability to 

withstand higher temperatures up to 350 °C [2]. The RR.350 alloy is used for the heat-stressed castings and 

for the castings exposed to higher pressures. This alloy is widely used not only in the automotive industry, 

and it is used in heat-treated state when its properties achieve the highest values. Our research is focused 

on the evaluation of mechanical and thermo-mechanical properties of this alloy after its multiple re-melting in 

the cast state. Chemical composition of the alloy used for the experiment is given in Table 1. The alloy is rich 

in additive elements, which enhance its (mechanical) properties. The alloy itself has very poor casting 

properties and impaired resistance to corrosion. It is difficult to ensure its risering as it creates dispersed 

shrink holes and also cavities of all kinds. 
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2. METALLURGY FOR TESTING OF THE ALLOY  

The aluminium Al-Cu alloy with technical designation RR.350, according to the German standard ALUFOND 

60 and under British standard HIDUMINIUM was chosen for investigation of re-melting of non-ferrous metals 

[3]. The alloy can be used in the environment of cyclic changes of temperatures up to 350 °C. 

Table 10 Chemical composition of the alloy RR.350 

Element [wt. %] 

Fe Cu Mn Mg Ni Zn Ti Pb Sn Co Cr Al 

0.368 4.731 0.310 0.034 1.937 0.126 0.117 0.011 0.042 0.203 0.007 92.115 

Metallic (two-piece) ingot mould with applied special silicone coating was used for casting of test bars for 

tensile testing machine. The casting consisted of the gating system with bottom inlet (for laminar filling of the 

mould), the actual test bar and the riser. Since this alloy had bad qualities casting properties forming 

dispersed shrink holes, the riser had to be oversized. Melting was performed in a resistance crucible furnace 

with use of graphite-fireclay crucible. The charge for the first melt consisted of the foundry ingot bars of 

precise chemical composition (Table 1). After casting of a series of test bars marked as the melt I., the 

gating with the riser inlet was removed and it was used as a charge for the second melt. In this way the initial 

material was re-melted four times. After casting of test specimens these castings were cooled freely on air. 

No heat treatment was applied, because we wanted to determine the thermo-mechanical properties of the 

alloy itself. The samples were cast at the temperatures from 660 °C to 860 °C. Test bars (Fig. 1) were 

machined and subjected to a tensile test within the temperature range from 20 °C to 350 °C. Measurements 

were performed on the tensile testing machine INOVA PRAHA. The test specimens were reheated in 

a resistance furnace under an inert atmosphere. At each temperature three samples were broken and the 

average numerical value was used for plotting the graph. The actual grinding was performed on a horizontal 

water-cooled grinder, sandpaper with different gradations from 180 to 2500 was used as abrasive tool. 

 

 

Altogether nine samples were used for hardness measurements and three indents were applied to each of 

them. Preparation of the samples for measurement of hardness (HB) and of micro-hardness (HV) was 

performed in metallographic laboratory. At first we cut from the cast sample a cylinder with length of 1 cm 

using the emulsion cooled saw. This was followed by polishing of the surface on the horizontal water-cooled 

grinder with use of emery cloth with granulation from 360 to 1200. A hardened ball with a diameter of 2.5 mm 

was used as a testing body. The test specimen was placed on a working pad and arranged in such a way 

that indenter pointed to its centre. The indenter arm was now shifted to vertical position and shifting of the 

arm to the sample was switched on. The testing instrument applied a load of 306.5 N with a dwell of 10 

seconds and indenter was then released [4, 5]. Metallographic analysis was performed with use of the 

microscope GX 51, which was equipped with a polarised light, at magnification of 12.5 ÷ 1000. Spectral 

analysis was performed on the spectrometer GDS-LECO with use of calibration of the reference materials 

with guaranteed content of elements. 

Fig. 12 Test bar 
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3. RESULTS AND DISCUSSION 

3.1 Tensile strength 

If we compare all four heats (Fig. 2), we can see that at 20 °C the strength of the first two heats remained 

unchanged. The strength of the third cast, however, decreased by 11 % and that of the fourth melt dropped 

by 18 %. At the temperature of 100 °C the second melt showed in comparison with the first melt a decrease 

in strength of 5 %, and strength of the third and fourth heats decreased by 11 % and 15 % respectively. At 

the temperature of 150 °C the strength values of the first three heats did not change much, while the strength 

of the fourth melt decreased by 14 %. The almost identical strength values for all four heats can be seen at 

temperatures of 200, 250 and 300 °C. This trend is the same for majority of the tested materials. Comparison 

of tensile strength at elevated temperatures can be explained by the melting of the low-melting components 

in material, which might have been created by segregation. 

  
Fig. 2 Temperature dependence of strength 

of the alloy RR.350 

Fig. 3 Temperature dependence of plasticity 

of the alloy RR.350  
 

 

  

3.2 Plasticity 

Another criterion is the degree of plasticity of the material (Fig. 3), which increases with the thermal 

exposure. In the first melt we registered an increase of plasticity at the temperature of 100 °C. At the 

temperature of 150 °C plasticity decreased by 3.3 %, and at the temperature of 300 °C it increases by 

20.4 %. The plasticity in the melt II. showed an increase already from the temperature of 100 °C up to 300 

°C. In the melt III. plasticity increased 150 °C (by 4.7 %), this was followed by a slight decline and sharp 

increase at the temperature of 300 °C (by 18.8 %). The values measured for the melt IV. showed a slight 

decrease at the temperature of 150 °C (by 1.7 %) and then an increase at the temperature of 300 °C (by 

18.1 %). Between the heats I.-III. and IV. a considerable decrease of plasticity by 5.2 % took place at the 

temperature of 300 °C. 
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3.3 Hardness and micro-hardness 

The values of hardness (Fig. 4) and micro-hardness (Fig. 5) in both graphs are the highest in the fourth melt. 

This trend can be explained by repeated oxidation of the melt and by formation of oxide membranes and 

intermetallic phases. The formation of oxides and intermetallic phases increases hardness of the alloy, 

reduces the tensile strength due to improperly excluded shapes having notch effects in the material matrix. 

Properties of aluminium oxides and intermetallics have a negative effect on machining of the casting. 

3.4 Electron microscope 

Due to the large number of samples only the mean temperatures from casting of each melt were selected for 

analysis (melt I. and melt IV.). The samples used are those that have already been used for metallographic 

evaluation. We give her for comparison only the samples for the melts I and IV. (Figs. 6 and 7). The results 

from the electron microscope are shown in Tables 2 and 3. 

  

Fig. 6 Melt I - microstructure taken by 

electron microscope 

Fig. 7 Melt IV - microstructure taken by 

electron microscope 

 

Fig. 4 Hardness [HB] Fig. 5 Micro-hardness [HV] 
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Table 11 Chemical composition of the melt I 

Designation O Al Mn Fe Co Ni Cu Zr Sb 

Matrix  97.2     2.8   

Spectrum 1 15.3 25.0    0.7 1.7  57.4 

Spectrum 2  49.8  0.6 1 11.0 37.6   

Spectrum 3  62.8 1.7 2.9 2.7 4.9 24.3 1  

Spectrum 4  76.5 0.7 2.7 3.6 12.8 3.7   

Table 12 Chemical composition of the melt IV 

Designation O Al Ti Mn Fe Co Ni Cu Sb 

Matrix  96.9 0.6     2.5  

Spectrum 1 16.9 22.8     0.2 1.0 59.1 

Spectrum 2  43.7   0.4 0.7 22.5 32.7  

Spectrum 3  58.5  2.3 3.9 2.9 4.6 27.7  

Spectrum 4  71.1  0.7 4.3 5.3 14.8 3.8  

3.5 Microstructures 

Material structure also changes its morphology as a result of multiple re-melting (Figs. 8 and 9). Changes in 

the material structure are manifested by grain coarsening [6, 7], unevenness of dendritic cells and dendrites, 

by higher content of cavities, by coarsening of intermetallic phases. In the I. various intermetallic phases can 

be seen, such as: CuAl2 (light gray), which creates networking along the grain boundaries, AlCuFeMn (brown 

to black). In the heat IV. a very distinct intermetallic phase AlFeMn ("Chinese characters") are very distinct 

[8]. 

  

Fig. 8 Microstructures of the melt I.  Fig. 9 Microstructures of the melt IV. 

4 CONCLUSIONS 

Aluminium alloy RR.350 was investigated after repeated re-melting. At each re-melting the defined basic 

material properties were determined, such as tensile strength, plasticity, hardness, structure and chemical 
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composition. The tensile strength of the cast material decreased at the temperatures below 100 °C by 11 %. 

Plasticity dropped in the melt IV. in comparison with the melts I. - III. by 5.2 % at the temperature of 300 °C. 

The highest values of hardness were determined in the fourth melt. The change of the material structure has 

the greatest impact on the above changes. Repeated re-melting brings the following changes: grain 

coarsening, irregularity of dendritic cells, higher content of cavities and coarsening of intermetallic phases. 

Decrease of contents of tramps elements is caused by a burn-off in a resistance furnace. Testing of the alloy 

RR.350 offers other ways to enhancement of mechanical properties. Addition (replenishment) of elements 

lost due to multiple re-melting and subsequent inoculation of the alloy by the foundry alloy AlTi5B1 seems to 

be an appropriate treatment [9,10]. The alloy can be furthermore hardened by heat treatment (strength 

values achieve even 300 MPa). As mentioned above, the alloy is susceptible to formation of various types of 

cavities, so it should be degassed before casting. It is also advisable to apply at production of the casting 

a filtration in order to remove inclusions, which reduce the mechanical properties. 
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Abstract 

This paper presents both the computational and experimental analysis of internal defects (shrinkage cavity 

and blow holes) to evaluate their effect on tensile properties of A356 casting alloys.  

For experimental testing, tensile test specimens with internal defects were produced by hanging an Al alloy 

wire whose melting point is slightly higher than the feeding temperature of A356 Alloy (700 °C ~ 710 °C). An 

alumina-silica ceramic fibre-based non-woven fabric (Ceramic Fibre Paper) was fixed on the wire to create 

artificial defect after the solidification of molten A356 alloy. Specimens with internal defects of various sizes 

were produced, and then tensile and impact tests were performed on the specimens. 

In addition to experimental investigation, computational analysis was conducted to determine the 

dependence of the alloy tensile properties on the internal defects present. A computational system for finite 

element analysis of casting components with internal defects was proposed. In this system, reverse 

engineering was first utilized to obtain the CAD models of internal defects. Then numerical calculations are 

performed to analyse the shapes of internal defects, reduce them to ellipsoids whose volume-sum 

approximately covers all points of the given defects, and then generate the final CAD model of the casting 

with internal defects. Finally, computational analysis using finite element method was performed on the 

defect-containing casting model.  

Results obtained by experiments and computer simulations were in agreement with some marginal 

differences. This agreement verified the reliability of proposed computational system for finite element 

analysis of casting components with internal defects. 

Keywords: Internal casting defect, Ellipsoidal-blob approximation, SSM (Shape Simplification Method), 

MVEE (Minimum Volume Enclosing Ellipsoid), FEM (Finite Element Method) 

1. INTRODUCTION 

Casting is widely used in manufacturing industry due to its advantages like being able to create parts with 

complex geometries, net-shape or near net-shape, and relatively more economical compared to other 

manufacturing methods. Meanwhile, it also has some disadvantages like limitations on mechanical 

properties and environmental problems. Among the disadvantages, the one, i.e. limitations on mechanical 

properties are mostly caused by various casting defects or imperfections. Here, the term casting defect is 

used for general imperfections in this study [1]. 

The classification proposed by G. K. Lal [2] was adopted with some modification in this study: casting defects 

can be generally classified to two types: 1) Surface defects, such as blow, scar, blister, drop, scab, 

penetration and buckle; and 2) Internal defects, such as blow/gas holes, shrinkage/porosity, inclusions, 

dross, etc. Their effects on mechanical performance of castings can further be divided into two classes in 

terms of micro-size defects and macro-size defects, while micro-size refers to defects that are not visible 

without magnification, and macro-size are that large enough to see with the unaided on non-destructive 

graphic inspection.  
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Most surface defects are readily to be found even by unaided eye, and can be easily corrected by some 

industry technology such as shot-blast cleaning or grinding [1]. But, internal casting defects, taking examples 

of internal shrinkage cavities and gas porosity, they cannot be detected with unaided eye and even general 

product quality control test, like water pressure explosion test, therefore, their effect on the mechanical 

performance of castings should be pre-considered when design the cast products and assess the qualities of 

castings. 

However, the effect of internal defects on the mechanical properties of castings is not fully understood yet, 

and there is no well accepted method and standard to predict [3], so designers are uncertain how to deal with 

internal defects in their casting designs. Traditional solutions are specifying extensive quality tests, 

performing extensive performance testing, and using large factors of safety. All of those solutions do not 

necessarily guarantee the performance and they are all somewhat costly [4]. 

Due to the above reasons, it is necessary and important to study the effects of internal defects on castings. 

But it is somehow impossible to conduct a comprehensive study on various internal casting defects. This is 

why only internal macro-blowholes and shrinkage cavities were chosen to be studied. Generally, the 

terminology "internal defects" was used for both macro-blowholes and macro-shrinkages through this 

research. Specimens with internal defects were made by casting and then put to tensile tests. Also, a 

computational modelling system was development to model the internal defects for subsequent Finite 

Element Analysis (FEA). Comparable results obtained from experiments and computer simulation not only 

enriched the understandings of effect of internal defects on castings, and also verified the reliability of 

developed modelling method for internal defects, which can be utilized to learn more characteristics of 

internal defects, and also has the potential to be extended to other internal macro defects such as metallic 

inclusions and internal sweating.  

2. EXPERIMENTS 

In this research, A356 with a composition indicated in Table 1 was chosen for tensile specimen material. 

Table 1 The composition of A356 for specimens  

Elements Al Si Mg Cu Fe Ti 

Wt.% 92.23 6.98 0.345 0.008 0.13 0.096 

2.3 Specimen preparation  

Most of previous studies on effect of internal defects used natural defects (defects that resulted from casting 

process without extensive manual intervention). K. M. Sigh et.al [3] used four different casting geometries to 

produce specimens with tree levels of radio graphically detectable macro-porosity. Similar method was also 

applied by M. Avalle, G. Belingardi and M. P. Cavatorta [5]. They used different sprue runners to produce 

high and middle level porosities. Another method, extracting specimens from porosity area from casting 

blocks, was used by Y. Nadot, J. Mendez and N. Ranganathan [6]. All those methods produce only 

specimens with macro-porosity, rather than the isolated macro-shrinkages which are desired in this research. 

Macroporosity contains lots of internal macro voids, although they make it possible to get more realistic 

results, but it also brings difficulties to understand their effects, because the effects of voids are interactive. 

So it is important to find a method of making isolated internal defect which had been a barrier for studies on 

this field. 

In this research, internal defects (macro-shrinkage cavities or blowholes) was produced by hanging an Al 

alloy wire whose melting point is slightly higher than the pouring temperature of A356 (700 °C ~ 710 °C). On 

the Al alloy wire, there was a macro-shrinkage-like grain fixed on. The grains are made of alumina-silica 

ceramic fibre-based non-woven fabric (Ceramic Fibre Paper). Their shapes are irregular with typical size 
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about 2 ÷ 7 mm. Because ceramic fibre paper has characteristics of 1) Light-weight, flexible, good handing 

strength and good uniformity; 2) Resists temperature as high as 1260 °C, fire resistant; 3) Good for die-cut 

and automatic stamping, so after the solidification of molten A356, the grain would exist inside the castings, 

and their effects on mechanical properties are assumed to be same with ones of shrinkages. 

Casted A356 blocks were subsequently T6 heat treated. A356 blocks were heated to 520 C for 8 hours, and 

cooled rapidly by water quenching. Then, the blocks were kept at room temperature for 12 hours (Natural 

Aging), and subsequently heated to 160 C for 6 hours and followed with furnace cooling (Artificial Aging). 

After T6 heat treated, A356-T6 blocks were scanned with industrial computed tomography (CT) system to 

detect the position of the internal defects, which would be used to guide the machining process for extracting 

tensile specimens from cast A356-T6 blocks. As soon as the tensile test specimens were extracted, 

industrial CT system was again used to acquire the shape, size and position information of internal defects 

for the subsequent computer modelling process, the X-ray images of final tensile test specimens are shown 

in Figure 1.  

 
Fig. 1 Dimension and CT images of tensile test specimens 

2.4 Experimental results 

The tensile tests were performed with MTS® Landmark Servohydraulic System at room temperature in a 

displacement control mode with the speed of 2 mm per minute. As a result, applied force and elongation 

data were obtained as shown in Figure 2. Here, the applied force refers to the gripping forces that applied 

on wedge grip, and elongation was the one measured with the 50 mm axial extensometer. By fitting curves, 

elastic moduli (E) were obtained for metal mould casted A356-T6 in this study as shown in Figure 3. The 

yield strengths (0.2 % offset) and ultimate strengths of five specimens were calculated and listed in Table 2. 

  

Fig. 2 Tensile test results Fig. 3 Elastic moduli drawn from tensile tests 
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Table 2 Comparison of yield, ultimate strengths and max. elongations of tensile specimens  

Specimen 
Yield strength 

(MPa) 
Difference 

(%) 

Ultimate 
strength 
(MPa) 

Difference 
(%) 

Max. 
elongation 

(mm) 

Difference 
(%) 

G1TTS#01 143.78 0.00 234.15 0.00 3.00 0.00 

G1TTS#02 139.80 -2.78 224.50 -4.12 2.95 -1.67 

G1TTS#03 156.41 8.78 187.51 -19.92 0.66 -78.00 

G1TTS#04 137.78 -4.17 157.17 -32.88 0.42 -86.00 

G1TTS#05 135.44 15.06 146.77 -37.32 0.34 -88.67 

3. COMPUTATIONAL ANALYSIS 

3.3 Computational system 

Lots of researches have been conducted to study the performance-based guidelines for design of cast 

components where the amount or location of defects is considered. The previous works on this field are 

generally divided into two parts: on Micro, and on Macro defects. Since the studies regarding on micro 

defects are much more systemic than ones of macro defects, the problem falls to how to count macro 

defects into the consideration of casting’s performance. In previous studies, the author and S. Y. Kwak 

summarized two exacting methods for counting the effects of internal defects in casting designs: 1) Direct 

Shape Method (DSM), 2) Material Property Reduction Method (MPRM) and they proposed the third method, 

named 3) Shape Simplification Method (SSM) [7]. Lately, they further improved the SSM to enable it for 

modelling multi-defects and generating simplified defect model with more flexible shape [8]. 

In summary, the developed computational system executes the following the functions: 

(1) Reverse engineering: voxel information (point cloud) of casting with internal shrinkage cavities was 

acquired with one of reverse engineering tools, i.e. industrial Computed Tomography (CT) in this 

study, and subsequently converted to STL format model which includes the information of both the 

outer profile of casting and the internal shrinkage cavities; 

(2) Point clustering: voxel information obtained in step (1) are decomposed to a couple of point groups; 

(3) Ellipsoidal approximation: Khachiyan method [9] was utilized to find the minimum volume enclosing 

ellipsoids that cover the given group points; 

(4) Boolean operation: obtained ellipsoids are merged together and then Boolean cut with CAD model of 

cast part to get the final cast part model with shape-simplified internal defects.  

To simplify the procedure of the modelling process for castings with internal defects, a modelling toolkit 

which couples above four functions, was developed using Python code and implemented into Abaqus as a 

customized plug-in toolkit as shown in Figure 4. With the customized Abaqus plug-in toolkit, the final casting 

model which includes internal defects can be readily obtained by engineers to be used for subsequent finite 

element analysis [8]. 

3.4 Simulation results 

According to experimental conditions, boundary and load conditions were applied to tensile specimens, and 

then the first order continuum three dimensional 4-node linear tetrahedron elements (Abaqus C3D4 

Elements) were generated on the models. All models of tensile specimens were meshed with same element 

size distribution (size of 2 mm on gripping region, 1mm on gage region and 0.25 mm on defect surface).  
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For tensile test simulation, static analysis was performed using Abaqus Standard. Material properties were 

calculated based on experimental results of reference specimen, G1TTS#01, and assigned to each model. 

One end of model was fixed and displacement of 5 mm was applied on the other end. As a result, for 

G1TTS#01 model, von Mises stress on the cross section of gage region increased uniformly, while stress 

concentrations occurs around the internal defects for those defected specimens.  

Figure 5 is a plot of the stress distribution in the tensile specimen at the onset of the maximum Von Mises 

stress. The Von Mises stress was found to increase to the ultimate strength of A356-T6 (G1TTS#01: 

234.15MPa) and finally propagate onto the outer surface of the cross section in the gage region. In this 

study, the assumption that a material stressed up to the ultimate tensile stress would fracture was made to 

analyze the simulation results. Thus, damages were expected to initiate from the surface of internal defects, 

and then propagate to nearby materials. Once damages reached the outer surface of the cross section in the 

gage region, specimens would then fracture. Based on this assumption, it was obtained from the simulation 

results that maximum Von Mises stress in the defected specimen (e.g., G1TTS#04) increased much more 

rapidly than the sound specimen (e.g., G1TTS#01), due to the effect of the stress concentration. In turn, the 

elongations of two specimens at onset of fracture were 2, 70 and 0.42 mm, respectively.  

 

G1TTS#04G1TTS#04

 
Fig. 4 Abaqus toolkit for internal defects modelling Fig. 5 Contour of von Mises stress distribution 

4. COMPARISON OF RESULTS 

Computational and experimental results of load-carrying capacity and maximum elongations of gage length 

of each tensile specimen (except G1TTS#01) are plotted in Figure 6. Since the material property data for 

computational analysis were taken from experimental results of G1TTS#01, so it is reasonable that 

computational and experimental results of G1TTS#01 match well to each other, and thus is not plotted. For 

results of G1TTS#02~#05, although computational results differed from experimental results in various 

degrees, most computational results were compared with experimental ones with errors less 5 %; one 

exceptional case was 9.96 % (Load carrying capacity of G1TTS#05). The big error may caused by the 

inaccurate modelling of internal defects, or the experimental error. More accurate models of internal defects 

should be made to investigate the relationship between modelling and computational results in further study. 

However, considering the complex characteristics of internal casting defects, the obtained computational 

results are acceptable. 

5. CONCLUSIONS 

Tensile testing results showed that the internal defects created had various effects on tensile properties. 

Elongation was most drastically affected (up to 88.67 % reduction), followed by tensile load bearing capacity 
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and ultimate tensile strength (up to 37.32 % reduction) and yield strength (up to 15.06 % reduction). There 

was almost no measureable effect on elastic modulus. 

In addition, an easy-to-use computational system was proposed to simulate the tensile tests. Results 

obtained by experiments and computer simulations were in agreement with some marginal differences. This 

agreement verified the reliability of proposed computational system for finite element analysis of casting 

components with internal defects. 

 

 

Fig. 6 Comparison of applied force versus elongation 
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HORIZONTAL CONTINUOUS CASTING OF Al AND Al-Si ALLOY IN SEMI-INDUSTRIAL 

CONDITIONS 

Tomasz WRÓBEL, Jan SZAJNAR 

Silesian University of Technology, Gliwice, Poland, EU, tomasz.wrobel@polsl.pl  

Abstract 

In paper is presented idea of construction and influence of selected parts of stand of horizontal continuous 

casting on quality of aluminum with purity of 99.5 ÷ 99.8 % and AlSi2 alloy ingots. The main parts of the 

made stand belong to induction furnace, which is also tundish, water cooling continuous casting mould, 

system of recooling, system of continuous ingot drawing and cutting. Mainly was considered influence of 

horizontal electromagnetic stirrer, which was placed in continuous casting mould on refinement of ingots 

structure. The degree of structure refinement was represented by equiaxed crystals zone content on 

transverse section of ingot and average area of macro-grain in this zone. Effect of structure refinement 

obtained by influence of electromagnetic field was compared with refinement obtained by use of traditional 

inoculation, which consists in introducing of additives i.e. Ti, B and C to metal bath. The results of studies 

show possibility of effective refinement of Al and AlSi2 alloy primary structure, only with use of horizontal 

electromagnetic field and without necessity of application of inoculants. This method of inoculation is 

important, because inoculants decrease the degree of purity and electrical conductivity of pure aluminum 

and moreover are reason of point cracks formation during rolling of ingots. 

Keywords: aluminum, alloy, inoculation, continuous casting, electromagnetic field 

1. INTRODUCTION 

Technology of continuous casting is applying usually in production of ingots of Fe [1, 2], Al [3] or Cu [4] 

alloys, with high yield and quality. The quality of continuous ingot in comparison with traditional gravity 

casting with use of ingot mould concerns refinement and uniform of ingot structure, which results from 

solidification of metal in water cooling continuous casting mould. Moreover the refinement of ingot structure 

can be increases by forced liquid metal movement in time of its solidification results from influence of 

electromagnetic field [1-6]. The forced liquid metal movement guarantees elimination of unfavourable (mainly 

for plastic deformation of ingot) columnar macrograins from ingot primary structure at simultaneously 

increase amount of favourable equiaxed macrograins [5, 6]. Other method of structure refinement is use of 

traditional inoculation consists in introducing into metal bath of specified substances, called inoculants [7]. 

Inoculants increase grains density as result of creation of new particles in consequence of braking of grains 

growth velocity, decrease of surface tension on interphase boundary of liquid - nucleus, decrease of angle of 

contact between the nucleus and the base and increase of density of bases to heterogeneous nucleation [7-

9]. The effectiveness of this type of inoculation depends significantly on crystallographic match between the 

base and the nucleus of inoculated metal. Therefore active bases to heterogeneous nucleation for aluminum 

and particles, which have high melting point i.e. titanium borides, titanium carbides, titanium nitrides, 

aluminum borides and aluminum titanide [8]. But this effective method of inoculation in comparison with 

inoculation with use of electromagnetic field has three faults i.e. inoculants decrease the degree of purity and 

electrical conductivity of pure aluminum [8] and moreover are reason of point cracks formation during rolling 

of ingots [10]. 

mailto:tomasz.wrobel@polsl.pl
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2. THE RANGE AND RESULTS OF STUDIES 

On Fig. 1 is presented scheme of the stand of horizontal continuous casting, which was constructed and 

built in Foundry Department of Silesian University of Technology. The main parts of the made stand belong 

to induction furnace, which is also tundish, water cooling continuous casting mould, system of recooling, 

system of continuous ingot drawing and cutting, which realized method of ingot movement defined by 

combination of forwards feed, stop and backwards performed in specified time and velocity from 100 to 500 

mm/min set in control system. Whereas on Fig. 2 is presented view of example continuous casting process 

of Al made on described stand. 

 

Fig. 1 Scheme of stand of horizontal continuous casting: 1 - induction furnace (tundish), 2 - continuous 

casting mould, 3 - system of recooling, 4 - system of ingot drawing, 5 - system of ingot cutting 

 

 

Fig. 2 Example view of horizontal continuous casting process: 1 - continuous casting mould, 2 - Al ingot,  

3 - dummy bar 

Important element of presented stand, which strongly influences on structure refinement of continuous ingot 

is electromagnetic stirrer placed in continuous casting mould (Fig. 3), which enables cast of cylindrical ingots 
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with diameter from 20 to 40 mm. The principle of operation of stirrer based on construction of induction coil, 

which generated horizontal electromagnetic filed. Efficiency of influence of electromagnetic field on intensity 

of liquid metal stirring is depending mainly on value of magnetic induction in inside the induction coil. As 

show on Fig. 4a the value of magnetic induction (B) depends on current intensity (I) supplied to the induction 

coil. Moreover as show in papers [6, 8] is a possibility of increasing the force, which creates movement of 

liquid metal and in result of this the velocity of its rotation in mould, also by increasing the frequency (f) of the 

current supplied to the induction coil (Fig. 4b).  

 

Fig. 3 Cross-section of continuous casting mould contains electromagnetic stirrer 
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Fig. 4 The influence of the current (I) supplied to the induction coil on magnetic induction (B) (Fig. a) and 

common influence of magnetic induction and frequency (f) of the current supplied to the induction coil on 

force value (F), which creates movement of liquid metal (Fig. b) 

 

Forced movement of liquid metal in time of its solidification generated by influence of electromagnetic field 

results in refinement of ingot primary structure, which was represented by equiaxed crystals zone content 

(SKR) on transverse section of ingot and average area of macro-grain in this zone (PKR). On Figs. 5 - 7 are 

B = 6.26 I + 3.02 

R2 = 0.96 

F = 2.5·10-2 B + 8.2·10-3 f - 0.6 

R2 = 0.91 
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presented example macrostructures of ingots of aluminum with purity of 99.5 ÷ 99.8 % and alloy AlSi2 

respectively in initial state, after traditional inoculation with use of Ti, B and/or C additives and after 

inoculation with use of horizontal electromagnetic field.  

a) b) c) 
 

 

 

  

Fig. 5 Macrostructure of aluminum with a purity of 99.5 % ingots: a - in initial state, b - after inoculation with 

use of master alloys AlTi3C0.15 + AlTi5B1 (Ti = 25 wt. ppm, B = 3 wt. ppm, C ≈ 0.5 wt. ppm) and  

c - after inoculation with use of horizontal electromagnetic field (B = 60 mT, f = 100 Hz) 

a) b) c) 

   
Fig. 6 Macrostructure of aluminum with a purity of 99.8 % ingots: a - in initial state, b - after inoculation with 

use of master alloy AlTi5B1 (Ti = 25 ppm, B = 5 ppm) and c - after inoculation with use of horizontal 

electromagnetic field (B = 60 mT, f = 100 Hz) 

a) b) c) 

   
Fig. 7 Macrostructure of AlSi2 alloy ingots: a - in initial state, b - after inoculation with use of master alloy AlTi5B1 

(Ti = 0.1 wt.%, B = 0.02 wt.%) and c - after inoculation with use of horizontal electromagnetic field (B = 60 mT, f = 100 Hz) 

On the basis of obtained results was affirmed that refinement of primary structure of pure Al and AlSi2 alloy 

obtained with use of horizontal electromagnetic field is larger than in initial state and is comparable with 

obtained with use of traditional inoculation (Fig. 8). 
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Fig. 8 Characteristic of primary structure of pure Al and AlSi alloy in initial state, after inoculation by Ti, B 

and/or C additives and after inoculation by use of horizontal electromagnetic field, where:  

SKR - equiaxed crystals zone content on transverse section of ingot, 

PKR - average area of macro-grain in equiaxed crystals zone 

SUMMARY 

In conclusion can say, that even endogenous inoculation with small amount of Ti, B and/or C strongly 

increase on refinement in primary structure of pure aluminum and AlSi2 alloy. It results from reactions, which 

proceed between inoculating elements and inoculated metal or charge impurities. These reactions lead to 

formation of active bases to heterogeneous nucleation of aluminum as high melting small particles of type 

TiB, TiB2, AlB2, Al3Ti and TiC or TiN, which have analogy in crystal lattice with Al. 

However on the basis of conducted analysis of the literature and results of authors researches it was 

affirmed, that the horizontal electromagnetic field generated by stirrer (induction coil) supplied by current with 

frequency larger than power network, influences liquid metal in time of its solidification in mould 

simultaneously generates thermal and mechanical erosion of crystallization front, what guarantees 

refinement of primary structure of pure Al and AlSi2 alloy without necessity of application of inoculants sort  

Ti, B and/or C. This method of exogenous inoculation is important, because Ti, B and C decrease the degree 

of purity and electrical conductivity of pure aluminum. Moreover titanium, boron and carbon are reason of 

point cracks formation during rolling of ingots.  
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Abstract  

The aluminium alloy was prepared by unique method combining centrifugal spraying and hot die forging. The 

rapidly solidified semi-product was prepared by pouring the melt onto a rapidly rotating graphite disc. This 

semi-product was then compacted by die forging at the temperature of 550 °C. Compact pore-free material 

with very good compressive mechanical properties was prepared. The results of thermal stability testing 

revealed that the mechanical properties do not change significantly at high temperature, even after 100 h of 

annealing at 400 °C. In addition, the alloy showed a very good creep resistance. The Al-23Si-8Fe-5Mn alloy 

was compared to a commercial casting Al-12Si-1Cu-1Mg-1Ni alloy, which is used in high temperature 

automotive applications. The room temperature mechanical properties of the two alloys were comparable, 

but the Al-23Si-8Fe-5Mn alloy showed considerably better thermal stability. Therefore, this alloy can be 

considered a promising alternative to conventional alloys. It was also demonstrated that the combination of 

centrifugal spraying and die forging is a suitable method for processing Al-Si based alloys with high iron 

contents.  

Keywords: rapid solidification, powder metallurgy, aluminum, thermal stability, mechanical properties  

1. INTRODUCTION 

Al-Si-based alloys have an excellent castability, wear and corrosion resistance, low coefficient of thermal 

expansion and high strength-to-weight ratio. Therefore, they are widely used in the automotive and 

aerospace industries, e.g., for engine blocks or pistons [1]. It has been demonstrated that alloying Al-based 

alloys with transition metals such as Fe, Mn or Cr considerably improves the thermal stability of these alloys, 

which is important for applications at elevated temperatures. These elements have low diffusion coefficients 

and low solubility in solid aluminum; they thus form thermally stable phases [2, 3]. Because the 

concentrations of these elements should be relatively high, the preparation of alloys through gravity or die 

casting is almost impossible. Furthermore, conventional casting leads to the formation of large and brittle 

intermetallic phases, which significantly worsen the final mechanical properties of these systems. Therefore, 

powder metallurgy is used to produce such materials. For this purpose, various methods are used to 

produce fine metal powders, such as rapid solidification or mechanical alloying. The structure of the powder 

contains very fine grains, supersaturated solid solutions and stable or metastable crystalline or quasi-

crystalline intermetallic phases. 

An excess content of iron in Al-Si alloys is usually undesirable. However, iron is often present during the 

aluminum scrap recycling process. This iron is primarily removed using magnetic separation or melting 

control processes or its concentration is lowered by adding pure aluminum. The negative effects of iron can 

also be reduced by adding small amounts of manganese to the melt. As stated previously, alloys with 

relatively high contents of iron that have good mechanical properties can be produced by powder 

metallurgy [4]. Al-Si-Fe-based alloys with an iron content of several wt.% and additions of various elements 

(e.g. Cr, Ni, Mn, Cu) were prepared using powder metallurgy, and these alloys showed good mechanical 

properties and thermal stability [5-7]. The most frequently used methods for rapid solidification are plasma 

spraying [1] or inert gas atomization [8]. Another promising technique is centrifugal atomization, which is 

based on pouring a melt onto a rapidly rotating graphite disk [9]. This technique generally produces flat-like 
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particles that have a very small thickness. It is assumed that this shape helps the compaction of the powder. 

Various techniques are employed to compact metal powders, e.g., uniaxial pressing [10], hot isostatic 

pressing [11] or hot extrusion [12]. Another method for compacting metal powders is the use of die forging, 

which combines the principles of the extrusion process and uniaxial pressing.  

In this study, we present a new approach that consists of centrifugal spraying and die forging. Centrifugal 

spraying is a modification of the centrifugal atomization process to produce a bulk semi-product rather than a 

powder. The purpose of this study was to investigate the structure, mechanical properties and thermal 

stability of the hypereutectic Al-23Si-8Fe-5Mn (wt.%) alloy. The chemical composition of the investigated 

material was selected to simulate aluminum scraps with high iron contents. Furthermore, the addition of 

manganese was used to modify the morphologies of the intermetallic phases and to increase the thermal 

stability. A commercial Al-12Si-1Cu-1Mg-1Ni alloy was used as a reference material. This casting alloy is 

commonly used for constructing engine parts and is considered to be a thermally stable aluminum material. 

2. MATERIALS AND METHODS 

The nominal composition of the investigated alloy was Al-23Si-8Fe-5Mn (wt.%). The ingot was prepared by 

melting the pure metals and the Al-11Fe (wt.%) master-alloy under an argon atmosphere. The next step in 

the preparation process was centrifugal spraying to form a rapidly solidified alloy. The ingot was re-melted 

and ejected onto a rapidly rotating graphite disk (rotation speed of 30 000 rpm), in which the atomized melt 

was sprayed onto water-cooled walls. The parameters for the centrifugal spraying process were adjusted to 

produce a rapidly solidified compact semi-product. A deposited compact semi-product was then forged into a 

die at a temperature of 550 °C to prepare cylindrical samples that were 10 mm in diameter and 6 mm in 

height. The preparation procedure is schematically illustrated in Fig. 1. 

 
Fig. 1 Schematic illustration of the preparation procedure 

To compare the mechanical properties and thermal stability of the investigated material with a commercial 

alloy, a casting Al-12Si-1Cu-1Mg-1Ni (in wt.%) alloy was used as a reference. This alloy is considered to be 

thermally stable and is commonly used for pistons in combustion engines. The casting alloy was provided by 

an industrial supplier and subjected to the T6 heat treatment. 

The mechanical properties of both materials were examined using uniaxial compression tests at room 

temperature (RT) and at elevated temperatures of 150, 200, 250, 300, 350 and 400 °C at a deformation rate 

of 1 mm/min. The thermal stability was also investigated using RT Vickers microhardness measurements 

(HV 5) during static annealing of the samples at 400 °C for up to 100 h. All compressive measurements were 

conducted using a LabTest 5 250 SP1 - VM testing instrument. Light microscopy (LM) and scanning electron 

microscopy (SEM, Tescan Vega 3 with an energy-dispersive X-Ray spectrometer (EDS)) were used for the 

structural examinations of the as-prepared and annealed samples.  
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3. RESULTS AND DISCUSSION  

3.1. Structure 

A light micrograph and a backscattered electron (BSE) SEM micrograph of the Al-23Si-8Fe-5Mn alloy 

prepared through centrifugal spraying and die forging are presented in Fig. 13. The SEM image (Fig. 13b) is 

accompanied with a detailed EDS analysis, which presents an elemental distribution in the selected area. 

The result of the preparation process is a compact material with no pores. The micrographs indicate a 

significant structural refinement, which was caused by the rapid solidification during the centrifugal spraying. 

The light micrograph (Fig. 13a) contains three types of components, including the matrix (light regions) and 

two types of particles. The EDS analysis (Fig. 13b) confirms that the structure contains an aluminum solid 

solution (fcc α-Al), very fine particles of silicon and particles of an intermetallic phase, which is enriched with 

all of the alloying elements (Si, Fe, and Mn). The size of the intermetallic phase ranged from approximately  

1 to 20 µm. The silicon particles are present in two modifications, as primary Si with a size of approximately 

1 µm and a very fine eutectic of Si, which is homogeneously distributed in the structure. These fine particles 

are clearly visible in the enlarged inset of Fig. 13a. 

 
 

 

Fig. 13 Structure of the Al-23Si-8Fe-5Mn alloy; (a) LM image with enlarged region in the inset,  
(b) BSE SEM image with detailed EDS element distribution maps 

 

The intermetallic phase, consisting all of the alloying elements, is generally assigned as α-AlFeMnSi with a 

bcc structure and typical script-like and/or polyhedral morphology [13, 14]. The relatively high density of the 

α-AlFeMnSi particles forms a composite-like structure. This fact is assumed to be a reason for the good 

mechanical properties of these types of alloys. The exact chemical composition of this phase can vary and is 

dependent on the actual concentrations of the alloying elements. The Al-Si-Fe and Al-Si-Mn ternary systems 

contain Al8Fe2Si and Al15Mn3Si2 intermetallic phases [15]. In the Al-Si-Fe-Mn system, the α-AlFeMnSi 
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phase is considered to be a solid solution of the two previously mentioned phases. Thus, this phase is non-

stoichiometric and covers a broad range of chemical compositions [13, 15, 16]. 

3.2. Mechanical properties and thermal stability 

The compressive stress-strain diagrams of the Al-23Si-8Fe-5Mn and Al-12Si-1Cu-1Mg-1Ni alloys at room 

temperature and at 150, 200, 250, 300, 350 and 400 °C are shown in Fig. 3. The values of the yield strength 

measured at room temperature are almost the same for both of the investigated alloys, although the 

mechanisms of strengthening differ. In the Al-23Si-8Fe-5Mn alloy, the Hall-Petch contribution due to the fine 

α-Al grains is responsible for the strengthening; however, a portion of the strengthening can also be caused 

by the presence of lattice defects induced by work hardening. Furthermore, fine intermetallic particles play a 

substantial role in the final mechanical properties of the alloys. These particles are assumed to function as 

reinforcements in the composites due to their morphology, distribution in the structure and considerably 

greater hardness than the aluminum matrix [17]. In contrast, the casting Al-12Si-1Cu-1Mg-1Ni alloy contains 

large grains and eutectic silicon; and the dominant strengthening mechanism is precipitation strengthening 

by the semi-coherent Al2CuMgNi phase [18]. The compressive behavior at elevated temperatures was very 

similar for both alloys up to 250 °C. Above this temperature, the yield strength of the Al-23Si-8Fe-5Mn alloy 

is significantly greater than that of the casting Al-12Si-1Cu-1Mg-1Ni. This result is attributed to the presence 

of the very thermally stable α-AlFeMnSi phase in the structure. 

  

Fig. 3 Compressive stress-strain diagrams measured at RT and 150, 200, 250, 300, 350 and 400 °C; (a) Al-

23Si-8Fe-5Mn, (b) Al-12Si-1Cu-1Mg-1Ni 

In order to examine the stability of the investigated Al-23Si-8Fe-5Mn alloy at elevated temperatures, it was 

subjected to a long-term static annealing: 100 hours at 400 °C. During the long-term annealing (400 °C/100 

h), changes of the room temperature Vickers hardness were measured. The same treatment was applied on 

the reference Al-12Si-1Cu-1Mg-1Ni alloy. The results are displayed in Fig. 4. Note that the temperature used 

in this treatment considerably exceeds the maximum operating temperatures that are commonly used for the 

majority of aluminum components. The initial hardness of both of the examined materials was comparable: 

approximately 115 HV. It is apparent from Fig. 4 that the hardness of the Al-12Si-1Cu-1Mg-1Ni alloy rapidly 

decreases to approximately 60 HV during the first few hours due to the growth of intermetallic phases, grain 

coarsening and coarsening of silicon particles. The diffusion coefficient of Si in solid Al is considerably higher 

than those of Fe or Mn [3]. At the beginning of the annealing process, the hardness of the Al-23Si-8Fe-5Mn 
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alloy slightly decreases to 105 HV and then remains almost constant during the entire annealing time. It is 

assumed that the plastic deformation induced by the die forging causes lattice defects and internal stress in 

the material. This behavior was described by Shaw et al. as a relaxation of elastic strain in the fcc-Al lattice 

[19]. Within an initial few hours, the material relaxes from these strains and the mechanical properties were 

subsequently stabilized. 

 

Fig. 4 Room temperature Vickers hardness of the Al-23Si-8Fe-5Mn and Al-12Si-1Cu-1Mg-1Ni alloys as a 

function of time at 400 °C 

CONCLUSIONS  

In this study, a combination of centrifugal spraying and die forging was used to prepare the Al-23Si-8Fe-5Mn 

alloy. This combination is a new approach for the preparation of materials with a very fine structure, which 

results from the rapid solidification. The preparation process produced a compact, pore-free material with 

very good compressive mechanical properties. The structure contained a very fine intermetallic phase. This 

phase had a significant impact on the hardness and the yield strength of the material, but the primary impact 

of this phase was on the thermal stability of the material. The examined alloy retained its mechanical 

properties, even at a relatively high temperature of 400 °C. The Al-23Si-8Fe-5Mn alloy was compared to a 

commercial casting Al-12Si-1Cu-1Mg-1Ni alloy, which is used in high temperature automotive applications. 

The room temperature mechanical properties of the two alloys were comparable, but the Al-23Si-8Fe-5Mn 

alloy exhibited (showed) considerably better thermal stability. Therefore, this alloy can be considered a 

promising alternative to conventional alloys. It was also demonstrated that the combination of centrifugal 

spraying and die forging is a suitable method for processing Al-Si based alloys with high iron contents. 

ACKNOWLEDGEMENTS 

The authors would like to thank to the Czech Science Foundation (grant no. P108/12/G043) and to the 

Specific University Research (MSMT no. 20/2013) for the financial support.  

LITERATURE 

[1] LAHA, T., AGARWAL, A. et al. Synthesis of bulk nanostructured aluminum alloy component through vacuum 

plasma spray technique. Acta Materialia, 2005, vol. 53, no. 20, pp. 5429-5438. 

[2] NAGAISHI, Y., YAMASAKI, M. et al. Effect of process atmosphere on the mechanical properties of rapidly 

solidified powder metallurgy Al-Ti-Fe-Cr alloys. Materials Science and Engineering A, 2007, vol. 449-451, no. 0, 

pp. 794-798. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1188 

[3] DU, Y., CHANG, Y.A. et al. Diffusion coefficients of some solutes in fcc and liquid Al: critical evaluation and 

correlation. Materials Science and Engineering A, 2003, vol. 363, no. 1-2, pp. 140-151. 

[4] HUANG, H.J., CAI, Y.H. et al. Influence of Mn addition on microstructure and phase formation of spray-deposited 

Al-25Si-xFe-yMn alloy. Materials Science and Engineering A, 2009, vol. 502, no. 1-2, pp. 118-125. 

[5] RAJABI, M., SIMCHI, A. et al. Microstructure and mechanical properties of Al-20Si-5Fe-2X (X=Cu, Ni, Cr) alloys 

produced by melt-spinning. Materials Science and Engineering A, 2008, vol. 492, no. 1-2, pp. 443-449. 

[6] RAJABI, M., SIMCHI, A. et al. Effect of particle size on the microstructure of rapidly solidified Al-20Si-5Fe-2X 

(X=Cu, Ni, Cr) powder. Journal of Alloys and Compounds, 2008, vol. 466, no. 1-2, pp. 111-118. 

[7] SRIVASTAVA, V.C., GHOSAL, P. et al. Microstructure and phase formation in spray-deposited Al-18 %Si-5 %Fe-

1.5 %Cu alloy. Materials Letters, 2002, vol. 56, no. 5, pp. 797-801. 

[8] RAJABI, M., VAHIDI, M. et al. Effect of rapid solidification on the microstructure and mechanical properties of hot-

pressed Al-20Si-5Fe alloys. Materials Characterization, 2009, vol. 60, no. 11, pp. 1370-1381. 

[9] VOJTĚCH, D., PRŮŠA, F. et al. Structural and mechanical characterization of rapidly solidified Al95Ni5 and 

Al93Ni5Mm2 alloys prepared by centrifugal atomization. Journal of Alloys and Compounds, 2010, vol. 506, no. 2, 

pp. 581-588. 

[10] FUENTES, J.J., RODRIGUEZ, J.A. et al. Increasing the ductility and strength of submicrometer-grained P/M 

aluminium. Journal of Alloys and Compounds, 2009, vol. 484, no. 1-2, pp. 806-811. 

[11] GUBICZA, J., DIRRAS, G. et al. Microstructure and yield strength of ultrafine grained aluminum processed by hot 

isostatic pressing. Materials Science and Engineering A, 2007, vol. 458, no. 1-2, pp. 385-390. 

[12] INOUE, A., KIMURA, H. High-strength aluminum alloys containing nanoquasicrystalline particles. Materials 

Science and Engineering A, 2000, vol. 286, no. 1, pp. 1-10. 

[13] MONDOLFO, L.F. Aluminum alloys: structure and properties. London: Butterworths, 1976. 

[14] LI, Y.J., MUGGERUD, A.M.F. et al. Precipitation of partially coherent α-Al(Mn,Fe)Si dispersoids and their 

strengthening effect in AA 3003 alloy. Acta Materialia, 2012, vol. 60, no. 3, pp. 1004-1014. 

[15] DU, Y., LIU, S. et al. An overview on phase equilibria and thermodynamic modeling in multicomponent Al alloys: 

Focusing on the Al-Cu-Fe-Mg-Mn-Ni-Si-Zn system. Calphad, 2011, vol. 35, no. 3, pp. 427-445. 

[16] GONZALEZ, P.O., ROMAN, M.C. et al. Effect of iron addition on the crystal structure of the α-AlFeMnSi phase 

formed in the quaternary Al-Fe-Mn-Si system. Rev Metal Madrid, 2011, vol. 47, no. 6, pp. 453-461. 

[17] CAI, Y., LIANG, R., et al. Effect of Cr and Mn on the microstructure of spray-formed Al-25Si-5Fe-3Cu alloy. 

Materials Science and Engineering A, 2011, vol. 528, no. 12, pp. 4248-4254. 

[18] VOJTĚCH, D., VERNER, J., et al. Properties of thermally stable PM Al-Cr based alloy. Materials Science and 

Engineering A, 2007, vol. 458, no. 1-2, pp. 371-380. 

[19] SHAW, L., LUO, H., et al. Effects of internal strains on hardness of nanocrystalline Al-Fe-Cr-Ti alloys. Scripta 

Materialia, 2004, vol. 51, no. 5, pp. 449-453. 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1189 

MECHANICAL PROPERTIES AND THERMAL STABILITY OF AlSi-X BASED ALLOYS 

PREPARED BY CENTRIFUGAL ATOMIZATION 

Filip PRŮŠA, Dalibor VOJTĚCH 

Institute of Chemical Technology, Prague, Czech Republic, EU, Filip.Prusa@vscht.cz 

Abstract 

Aluminum based alloys are well known for their low density and convenient mechanical properties filling the 

imaginary gap between titanium alloys and common aluminum alloys. Aluminum alloys prepared via 

centrifugal atomization technique (CA) can contain higher amount of transition metals (Fe, Cr, Mn), 

characterized by low diffusivity in solid aluminum, enhancing their properties, especially thermal stability. In 

this work, AlSi23Fe8Cr1 and AlSi23Fe8Mn5 (in wt. %) alloys were prepared via centrifugal atomization. 

Prepared powders were compacted by uni-axial pressing at 6 GPa and 450 °C for 60 min. The 

microstructure of prepared powders and compacted samples was studied by light microscopy (LM) and 

electron scanning microscopy (SEM). Phase composition was determined by X-ray diffraction (XRD). The 

thermal stability of the alloys was studied by mechanical testing after long-term annealing at 300 ÷ 400 °C 

and by creep testing at 300 °C and compressive stress of 250 MPa. Obtained results were compared to the 

"thermally stable" casting AlSi12Cu1Mg1Ni1 alloy that is commonly utilized in the automotive industry for 

engine parts manufacturing. 

Keywords: aluminum alloys, thermal stability, creep, centrifugal atomization, microstructure 

1. INTRODUCTION 

Al-Si based alloys are well known for their good strength-to-weight ratio, high thermal conductivity and 

excellent castability. These materials are usually used for fabrication of various lightweight components such 

as pistons or whole engine blocks. For more wide spread use, there is a necessity to improve their thermal 

stability that can be enhanced by addition of appropriate amount of transition metals (TM) such as Fe, Cr 

and Mn. These elements are known to be slow diffusers in Al [1-3]. However, their concentrations are limited 

to only a few percent due to their low solubility in Al, otherwise a relative excessive fractions of hard and 

brittle intermetallic phases are produced. Presence of these brittle particles is generally unwanted and 

almost always negatively influences mechanical properties.  

Increasing production of aluminum alloys offer every year many tons of aluminum scraps that needs to be 

recycled. Typically, aluminum scraps contain high fractions of iron that needs to be removed e.q. by 

magnetic separation or by melt dilution by pure Al. All of these steps increase the cost of recycled aluminum. 

Another option how to partially reduce the negative influence of Fe on Al-Si based alloys can be found in 

addition of Mn.  

Centrifugal atomization, as one of many rapid solidification techniques, offers way how to process aluminum 

wastes with higher concentrations of above mentioned elements. Centrifugal force used in this type of device 

allows to produce flake-like powders that can be easy compacted into bulk products. Almost immediate 

contact of molten metal with water-cooled walls during rapid solidification refines the structure, reduces the 

volume fractions of intermetallic phases and forms nano-, quasi-crystalline and/or amorphous structures [4-

5]. All of these features are beneficial to achieve required combinations of strength, ductility and thermal 

stability. Further processing of prepared powders can be done by simply compression and sintering or by 

HIP (hot isostatic pressure) that operates at moderate pressures of approximately 100 MPa, that due to the 

formation of oxide layers on aluminum powders, preventing diffusion bonding, are not suitable. Solution can 

mailto:Filip.Prusa@vscht.cz
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be found in compaction at high pressures, typically greater than 1 GPa, that can produce sufficient compact 

and pore-free materials [6]. 

In this work, we investigated the influence of ultra-high pressure applied during compaction on mechanical 

properties of rapidly solidified aluminum alloys containing high concentrations of TM's. Additions of Cr and 

Mn were chosen on the basis to modify the morphology of intermetallic phases and their ability to increase 

the thermal stability. For comparison, Al12SiCu1Mg1Ni1 alloy, that is generally considered to be thermally 

stable, was studied as reference material. This alloy is foremost utilized for engine parts manufacturing. 

2. EXPERIMENT 

In this work, two alloys with nominal chemical compositions of AlSi23Fe8Cr1 and AlSI23Fe8Mn5 (in wt. %) 

were studied. These alloys were prepared by melting the pure elements and master alloys in a vacuum 

induction furnace under argon protective atmosphere. After a sufficient homogenization, the melt was poured 

into a cast iron mould with diameter of 20 mm and 150 mm in length. Composition of so prepared materials 

was confirmed by X-ray fluorescence analysis (XRF, ARL 9400 XP). Ingots were than remelted under argon 

atmosphere and ejected through graphite casting nozzle onto a high speed rotating (30000 rpm) graphite 

disc (Fig. 1). The product, flake-like particles, were sieved to obtain fractions with dimensions ranging from 

0,1 to 2 mm with a thickness of approximately 50 µm (Fig. 2). Prepared powders were then placed into a 

tungsten carbide mould and compacted by uni-axial pressing at 450 °C by an ultra-high pressure of 6 GPa 

for 60 min to prepare compact samples. The casting Al12SiCu1Mg1Ni1 alloy, used in this work as a 

reference material, was provided by external supplier in the form of an ingot.  

  

Fig. 1 Schematic drawing of centrifugal atomizer Fig. 2 AlSi23Fe8Mn5 flake-like morphology 

The microstructures of prepared alloys were examined by light microscope (LM, Olympus PME-3), scanning 

electron microscope (SEM, TESCAN VEGA 3-LMU) and energy dispersive spectrometry (EDS, Oxford 

Instruments Inca 350). Chemical and phase composition was confirmed by XRF and X-ray diffraction 

analysis (XRD, PANalytical X´Pert PRO), respectively. Mechanical properties, represented by room 

temperature Vickers hardness measurements with 5 kg load and by compressive stress-strain tests 

performed on LabTest 5.250SP1-VM machine at a deformation speed of 1mm/min, were examined. Thermal 

stability of tested materials was determined by hardness change and by compressive tests after long-term 

annealing at temperatures ranging from 300 ÷ 400 °C. To gain full image about the thermal stability of 

investigated materials, creep tests were done at the temperature of 300 °C with compressive load of 250 

MPa. 
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3. RESULTS 

3.1  Microstructure 

The microstructure of slowly solidified AlSi23Fe8Cr1 alloy (Fig. 3a) was composed of three structural 

components: Si particles (dark), α-Al+Si eutectic mixture and dendritic intermetallic phases (light grey). X-ray 

maps performed on SEM with EDS analyzer confirmed presence of Fe, Si and Cr in sharp-edged dendritic 

intermetallic phases. This phase was identified by point and X-ray diffraction analysis as β-Al5SiFe, phase 

that has in aluminum alloys its typical needle-like morphology, therefore it is possible to presume that 

dissolved chromium can modify the morphology from needle-like to dendritic [7].  

The microstructure of slowly solidified AlSi23Fe8Mn5 alloy (Fig. 3b) was almost identical to the previous 

one, consisted of Si particles, α-Al+Si eutectic mixture and dendritic intermetallic phases containing Fe, Si 

and Mn. Point analysis performed on SEM with EDS analyzer and X-ray diffraction analysis indentified this 

phase as α-AlFeMnSi phase, generally with dendritic and/or script like morphology. The chemical 

compositions of this phase varied depending on the actual Fe, Mn and Si concentrations. The X-ray analysis 

of slowly solidified alloy denoted this non-stoichiometric phase by chemical formula of Al17(Fe3,2Mn0,8)Si2.  

The casting Al12SiCu1Mg1Ni1 alloy (Fig. 3c), generally considered to be thermally stable material, used in 

this work as a reference material, was composed of α(Al) dendrites, α-Al+Si eutectic mixture and Mg2Si, 

Al3Ni and Al6Cu3Ni intermetallic phases. 

   

Fig. 3 Microstructures of slowly solidified: a) AlSi23Fe8Cr1, b) AlSi23Fe8Mn5, c) AlSi12Cu1Mg1Ni1 

After compaction, significant structural refinement, probably caused by rapid solidification during the powder 

preparation, was observed (Fig. 4). The materials showed almost no porosity with good particle-to-particle 

contact that was obviously caused by ultra high pressure of 6 GPa. The fine intermetallic phases and silicon 

particles were homogenously dispersed in the α-Al matrix forming composite-like structures. This 

morphology predetermined these materials to exhibit good mechanical properties such as high strength and 

acceptable plasticity as will be shown on next pages. 

  

Fig. 4 Microstructure after compaction: a) AlSi23Fe8Cr1, b) AlSi23Fe8Mn5 
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After annealing at different temperatures, Si particles coarsening was observed in both materials (Fig. 5). 

The silicon particles grew quickly from original sub-micrometre size to several micrometres.  

  

  

Fig. 5 SEM element distribution maps of: a) AlSi23Fe8Cr1 as compacted, b) annealed at 400 °C/100h, c) 

AlSi23Fe8Mn5 as compacted, d) annealed at 400 °C/100h  

This phenomenon can be explained by both the tendency to reduce the α-Al/Si interface area and by 

relatively high diffusion coefficient of Si in solid Al. On the other hand, Fe, Cr and Mn have much lower 

diffusion coefficients and therefore, coarsening of intermetallic phases during annealing was much slower. 

3.2  Mechanical properties, thermal stability 

The thermal stability, expressed as hardness change during annealing, showed significantly higher initial 

hardness of materials prepared by centrifugal atomization than the casting counterpart. After first five hours 

of annealing, significant hardness decrease was observed, and then, retained almost constant for the rest of 

the test (Fig. 6). This decrease, when compared to the casting counterpart, occurred much more slowly in 

the centrifugally atomized alloys. The best results were achieved in the case of AlSi23Fe8Mn5 material. 

  

Fig. 6 Hardness decrease during annealing at various temperatures (300 and 400 °C) 
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The compressive stress-strain tests performed after long-term annealing revealed better mechanical 

properties such as strength and yield strength (both compressive) on the site of centrifugally atomized alloys 

(Fig. 7). Among the tested materials, AlSi23Fe8Mn5 exhibited the best results followed by the AlSi23Fe8Cr1 

and the casting AlSi12Cu1Mg1Ni1 alloys.  

  

Fig. 7 Compressive stress-strain curves after annealing at different temperatures 

To complete the thermal stability investigations, creep tests at a temperature of 300 °C and compressive 

stress of 250 MPa were performed (Fig. 8). Creep curves of tested materials contained only the primary 

creep stage, characterized by a high initial creep rate then a progressive decrease of the creep rate. The 

main difference between materials was in compressive strains achieved before the creep rate drops to zero. 

On the basis of the total compressive strain decrease, the casting AlSI12Cu1Mg1Ni1 alloy (70 % of total 

compressive strain) showed the worst creep resistance among tested materials. The AlSi23Fe8Mn5 alloy 

exhibited the best creep resistance with total compressive strain of 35 %. 

 

Fig. 8 Compressive creep curves of investigated materials (300 °C/250 MPa) 

The best mechanical properties and thermal stability observed in the case of rapidly solidified alloys can be 

attributed to following explanations. The lower diffusivity of Fe, Cr and Mn in solid Al influenced the 

microstructure coarsening and therefore, intermetallic phases containing these elements coarsed much 

slower. The presence of hard particles effectively hindered the growth of α-Al grains positively affecting the 

mechanical properties. 
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4. CONCLUSION 

Alloys containing higher concentrations of transition elements can be successfully prepared by centrifugal 

atomization as one of many rapid solidification techniques. The AlSi23Fe8Mn5 alloy studied in this work 

showed the best results among tested materials, exceeding the mechanical properties of casting 

AlSI12Cu1Mg1Ni1 alloy in every way. Microstructures were refined with large volume fractions of 

homogenously dispersed intermetallic particles, identified as β-Al5SiFe and α-AlFeMnSi phases in the 

AlSi23Fe8Cr1 and AlSi23Fe8Mn5 alloy, respectively. Ultra-high pressure of 6 GPa used for compaction 

produced materials with good particle-to-particle contact showing almost no porosity. The presence of 

homogeneously distributed thermally stable intermetallic particles, containing elements such as Fe, Cr and 

Mn, positively improved the thermal stability of centrifugally atomized materials. 
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Abstract 

The last decades are characterized by constantly increasing interest of practically all industrialized countries 

of the world to the cast discrete reinforced aluminum matrix composite alloys (AMC’s). However, growth of 

volumes of industrial use of AMC’s for the present isn't adequate to technical and operational opportunities of 

these new materials. Further development of application of competitive AMC’s today requires conducting 

large-scale systematic researches and pilot projects in the following groups of problematic questions: the 

initial charge materials; technological processes of production; technological aspects of complex processing, 

including recycling; fundamental and applied research and development. Using as matrix alloys for AMC’s of 

low-grade and sub-standard waste of aluminum alloys requires development of new highly effective methods 

of their refinement, providing almost total absence of gases and products of a salt component of flux. 

Analysis of modern scientific and technical information indicates that at present time the most intensively 

studied and applied in industry liquid phase methods for AMC’s. The most promising methods of 

manufacturing of isotropic AMC’s are methods of reactionary molding or synthesis (so-called in-situ 

processes). Currently, industrial synthesis technologies of products from AMC’s still are at the stage of 

working off or experimental-industrial development. Such condition is partly due to the fact that technologies, 

as a rule, contain "know-how" and a trade secret. Other important direction of researches on expansion of 

use of AMC’s in real products of mechanical engineering is development and improvement of technological 

decisions on multi-purpose processing of AMC’s - thermal, thermo-cyclic and thermo-plastic, mechanical, 

laser, fusion welding and built up welding, etc., and also search of the most rational ways of machining and 

recycling of AMC’s. Obviously, the further development of the theory and practice of composite casting is 

impossible without coordinated scientific researches, efficiency of which is significantly enhanced by the 

consolidation of scientific and technological potential of scientists and engineers, research institutions, 

universities and enterprises. 

Keywords: aluminum matrix composite alloys, liquid phase methods 

1. INTRODUCTION 

Current trends in mechanical engineering are inextricably linked to the development and widespread use of 

new high-performance materials and new production technologies. New materials should provide increased 

demands on technology strength, minimum weight, increasing resources, reliability, and durability of parts 

and components of structures under extreme conditions of temperature and force action and aggressive 

media [1]. Most fully meet the specified requirements composites. So the last decades are characterized by 

the growing interest of virtually all of the industrialized countries of the world to cast discrete reinforced 

aluminum matrix composite materials (AMC’s). 

2. GENERAL PROBLEMS, LIMITING BROAD APPLICATION OF AMC’S 

AMC’s promise for widespread use in the friction units of various technological equipments, automobile, road 

construction equipments, and other fields to replace copper alloy or aluminum alloy anti-friction. A pioneer in 

mailto:panfilov@vlsu.ru
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terms of industrial development issue AMC’s reinforced fine particles of SiC and Al2O3, are well-known 

foreign companies DURALCAN, ALCAN and ALCOA. 

Note, however, that the growth in industrial uses of AMC’s is still not adequate technical and operational 

capabilities of these new materials. This is due to a number of objective and subjective reasons. One of the 

main - is the lack to date of the universal theory and practical suggestions on how to predict and are 

guaranteed to choose the ingredients of AMC’s, specifically regulate the necessary degree of interfacial 

interaction and create the necessary structure to implement a given level of mechanical and performance 

properties of the products available at AMC’s their value. 

It is known that artificially synthesized AMC’s are more expensive than traditional aluminum alloys, due to 

relatively high cost of reinforcing components and more complex manufacturing process of products from 

AMC’s. Therefore, technical and economic factors are often a barrier to the widespread use of the AMC’s in 

mass industries. However, in most cases, the use of the AMC’s is not only advisable, but sometimes it just 

does not have alternatives because of the unique performance characteristics, reliability and durability of 

their work in extreme conditions. 

The general opinion of experts, the further development of competitive AMC’s today requires conducting 

large-scale systematic research and pilot projects in the following groups of problematic issues: the initial 

charge materials, production processes, technological aspects of complex processing, including recycling, 

basic and applied research and development [1, 2]. 

3. POSSIBLE SOLUTIONS 

3.1 Using of cheap reinforcements and secondary matrix alloys 

Because the high cost of most artificially synthesized reinforcing fillers, their scarcity make a negative 

contribution to the cost of the AMC’s. The first group of questions put forward the task of creating new cost 

AMC’s using as reinforcing fillers and fiber powders from cheap mineral - mullite, basalt, shungite, alumino-

silicates and others, and as matrix alloys - secondary raw materials, including scrap and waste of castings. 

An example of a successful resolution of questions of the first group of problematic issues is the 

development of promising FTIMS NAS AMC’s reinforced relatively cheap and non-deficient non-metal oxide 

particles of nature (cupola slag and refractory waste of stone-casting productions) [3]. 

Use as matrix alloys and low-grade AMC’s substandard waste aluminum alloys requires the development of 

new highly efficient methods for their refinement, providing almost no gas and food component of the salt 

flux, because, otherwise, absorption and even distribution of the reinforcing components in the liquid phase 

of consolidation is problematic. With this end in Vladimir State University proposed refining technology and 

new combined fluxes, where the main refining agent (to 80 ÷ 96 %) used the dispersed partic les of refractory 

oxides of aluminum and silicon [4]. 

The implementation of these options will provide additional technical and economic benefits through more 

efficient utilization of waste aluminum alloys and non-metallic materials. 

3.2 Complex reinforcing of matrices (in-situ and ex-situ processes) 

Technological processes of products from AMC’s commercially must address the following key objectives: to 

provide the specified physical, mechanical and performance properties of the AMC’s, to ensure the stability 

of product quality. 

Analysis of the current scientific and technical information indicates that at present the most extensively 

studied and applied in industry liquid phase methods for AMC’s. Various methods of combining liquid-phase 

matrix alloys with dispersed hardening phase: impregnating melts (spontaneous, vacuum, pressure, 
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combined) conglomerate fiber preforms (Praimex-process) or particles (Squeeze Casting Method); 

mechanical kneading discrete particles or fibers in the metal melts (Compocasting Method); Dimox-process, 

which yields a ceramic matrix composites by the direct oxidation of the metal directly into the mold, the 

processes, based on the flow of controlled chemical reactions of high-temperature synthesis of endogenous 

strengthening phases in the matrix alloy (in-situ-process) and etc. 

Of these methods produce the most technologically advanced and AMC’s is cheap foundry with a 

mechanical mixing the reinforcement in the matrix melt. To improve the wetting of the particles is applied to 

the coating process or by chemical vapor deposition, or modify the matrix of surface-active additives (Mg, 

Ca, Li, Na, etc.). Technologically important parameters are the plant design and operating practices of 

mixing. However, this method of administration of reinforcing phase in the matrix melt has some drawbacks: 

sufficiently strong oxidizing gas saturation and melts in the process of active mechanical mixing and, 

consequently, the lack of quality of adhesive bonds at the interface between the particle-matrix. 

Grinding structure matrix alloy, increasing the density, giving a uniform or a specified distribution of 

reinforcing particles in a volume increase of adhesive interaction between particles and the matrix can be 

achieved through the use of external influences: pressure, ultrasound and centrifugal forces, electromagnetic 

fields and other technological methods. 

The most promising manufacturing methods for isotropic AMC’s are reaction molding or synthesis (so-called 

in-situ processes), when endogenous reinforcing fillers, including nanoscale, formed as a result of controlled 

exothermic reaction between the initial components directly in the manufacture of AMC’s [5]. AMC’s, 

obtained in such processes, have the maximum level of bonds at the interface "reinforcement-matrix" due to 

the small lattice mismatch of contacting phases, thermal stability, better distribution and a high dispersion of 

the reinforcement, which provides a good mechanical and performance properties. 

In addition, the exothermic reactions occurring in the melt in the synthesis of new endogenous strengthening 

phases, allow to improve the wetting of the matrix melts additional exogenous input of ceramic 

reinforcements, including nanoscale. Complex reinforcing of matrices with endogenous and exogenous 

reinforcements of different nature and size opens up even more reserves in a meaningful regulation given 

physical-mechanical and performance properties of the AMC’s [6]. 

With increasing concentration of reinforcing fillers in isotropic AMC’s deteriorate technological and 

mechanical properties: machinability and pressure, the composition and fluidity of the plastic properties of 

the material. In connection with this, a promising direction is the use of rotational molding techniques to 

produce anisotropic functionally graded or reinforced composites [7]. 

Currently, industrial synthesis technology products from AMC’s still under mining or industrial development. 

Such a state is partly due to the fact that technology, as a rule, contains "know-how" and constitutes a trade 

secret. 

Further improvement of production technologies AMC’s requires time and investment, and will be the 

accumulation of experience in the production and use of AMC’s, based on fundamental researches in the 

field of material science. 

3.3 Multi-purpose processing of AMC’s 

Another important area of research to expand the use AMC’s in the actual product engineering is the 

development and improvement of technology solutions to multi-purpose processing AMC’s - thermal, 

thermal-cycling, and thermo-plastic, mechanical, laser, fusion welding and cladding, etc. 

Important area of work for the implementation of the AMC’s in production is finding the most efficient 

methods of machining AMC’s. Unfortunately, we must note that this issue is now being given very little 

attention. 
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The successful application of the AMC’s in the construction machinery and transport is often constrained by 

difficulties caused by the specifics of their connection with each other or with alloys that do not contain 

reinforcing fillers. Welded joints AMC’s possessing physico-chemical characteristics similar to the starting 

material may be obtained, provided the minimal degradation of the properties of components AMC’s, for 

maintaining, code reinforcement volume fraction and distribution of reinforcing filler in the weld zone. 

Therefore, preference is given to the solid-phase method of welding AMC’s (diffusion, friction). However, the 

known and the positive experience of producing permanent joints fusion welding methods, it offers the 

prospect of expanding the range of welded structures of AMC’s. Recently, much attention is paid to 

developing methods deposition of composite layers with special properties. Surfacing of these layers may be 

one of the main ways to obtain functional gradient materials. 

The manufacture of products from AMC’s inevitably formed sub-standard waste in the form of marriage 

castings, gates, profits, spikes, used parts, etc., so overall technical and economic balance of production and 

operation of AKM are important issues of recycling or recovery of products for re-use. 

Choosing an effective method of treatment depends on the composition and properties of the AMC’s 

reinforcing components. 

AMC’s for reinforced ceramic and thermally stable intermetallic phases can be applied to a limited extent the 

traditional method of melting, keeping in mind that the 3-time remelting composite alloys can lead to 

significant degradation of the reinforcing phase and reduce the properties of the composite. Therefore, there 

is a problem of regeneration AMC’s to fully remove the reinforcing phase. This problem is effectively solved 

with new conceptual approaches that are based on the fact that the reinforcing phase performs refined 

function over adsorbing impurities [4]. 

AMC’s, reinforced by particles of metal-carbide TiC, ZrC, and intermetallic boride TiB2
.TiAl3, can be used as 

effective alloys for modifying aluminum alloys. 

Recovery of products from AMC’s to the required dimensions can be carried facing. 

3.4 Coordination and consolidation of researches and development in the field of AMC’s 

Significant contribution to the theory and practical use of the AMC’s is I.V. Gavrilin (Vladimir State 

University), A.A. Aksenov (Moscow Institute of Steel and Alloys), A.A. Scheretskiy (Physical and 

Technological Institute of Metals and Alloys, Ukraine), etc. 

Obviously, the further development of the theory and practice of composite molding impossible without 

coordinated research, efficiency is significantly enhanced by the consolidation of scientific and technological 

potential of scientists and engineers, research institutions, universities and enterprises. An example of such 

a fruitful scientific and technical cooperation is the long-term synergy Vladimir State University and Institute 

of Metallurgy and Material Science named after A.A. Baikov. Combined efforts of research teams of these 

organizations conducted a large set of scientific studies on the interaction of metal matrix with reinforcing 

fillers, the choice of composition and manufacturing of discrete-reinforced AMC’s investigation of tribological 

properties and physical mechanisms of wear, industrial testing and introduction of the AMC’s in the friction of 

industrial equipment and transport. 

AMC’s are relatively new functional materials, and all of their benefits, features, and maximum operational 

capacity are not defined. Although, today, we can say that AMC’s have significant advantages as tribological 

materials. 

Reliability of the AMC’s in friction units of different types of technology proven by years of industry testing 

and implementation in many enterprises. Small-scale production of castings and parts from AMC’s on the 

orders of enterprises established on the basis of research and production enterprise "Aluminum matrix 

composite materials" (Vladimir). 
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4. CONCLUSION 

Currently in the field of composite materials, the development of effective methods of manufacturing and 

industrial applications of AMC’s work and have recognized achievements leading companies and research 

organizations of almost all developed and developing countries, including the USA, UK, Germany, Japan, 

China, Russia, Ukraine etc. 

Stated above only the most basic problems, the results of the solution of which depends largely on the 

prospects and pace of discrete-reinforced AMC’s in production, as well as changes of consumer products to 

the best of confidence in the AMC’s, strengthening of motivation to their more widespread use in the 

industry. 
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Abstract 

Aluminum based metal matrix composites reinforced by continuous carbon fibre textiles (3D CF/Al-MMC) 

offer a high lightweight potential for usage under high thermo-mechanical loads. Fields of application and 

utilization of metal matrix composites (MMC) are aerospace, automotive and other demanding types of 

industries, which require high mechanical properties, particularly stable at elevated temperatures.  

Main problem encountered in lightweight engineering for elevated temperatures is the change of the 

microstructure, and consequently drastic decrease of the stiffness and strength. There are reasonable 

presumptions, that this effect can be avoided by utilization of MMC with an appropriate reinforcement 

structure.  

This paper contributes to understanding the effect of elevated temperature on the mechanical properties of 

3D CF/Al-MMC. The tested materials have been manufactured using the high pressure die casting (HPDC) 

method. The three point bending test has been performed to obtain results at four different temperatures. 

The bending strength and stiffness have been taken into consideration. Fracture analysis by the help of SEM 

microscopy has been carried out to exhibit the quality of adhesion between matrix and reinforcement. 

Accompanying quality analysis of composites by computer tomography (CT) has been performed. 

Keywords: aluminum, carbon fibre, three point bending test, high pressure die casting 

1. INTRODUCTION 

Low density, besides endurance and reliability, becomes a vital property in the design of nowadays 

materials. This aspect is most noticeable in the automotive, aviation and aerospace industry, where low 

weight of structures working in demanding complex thermo-mechanical loading conditions is highly related to 

the economic conditions [1]. Such requirements can be met by carbon fibers reinforced metal matrix 

composites which, thanks to the wide designability of properties, exceed conventional engineering materials. 

In particular, 3D fabric reinforced metal composites promise an applicability as structural elements operating 

under high loads and temperatures [2]. 

The combination of carbon fibres with alloys based on such elements as magnesium, aluminum and 

titanium, extremely durable metal matrix composite (MMC) materials can be obtained [3]. 

Alloys of mentioned elements gained their popularity thanks to high strength and stiffness, low density, good 

dimensional stability, high impact strength, good machinability and high thermal conductivity [4]. In 

combination with the carbon fibres, they create a synergic material, which has high strength, stiffness and 

low thermal expansion at elevated temperatures. Aluminum alloys particularly seem to be an attractive matrix 

material combining their specific high strength and thermal stability with low price [5, 6]. In this paper, the 

effect of temperature on the bending strength of CF/Al-MMC manufactured by the method of HPDC has 

been investigated. Tests were performed in air at temperatures of 25, 140, 250 and 350 °C.  
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2. SELECTION OF THE MATRIX AND REINFORCEMENT 

Aluminum and its alloys are one of the most common materials used in the industry due to excellent casting 

properties (good castability, low shrinkage), good mechanical properties and low density. Moreover, 

aluminum has a low melting point and good formability, which is important in high pressure die casting [5]. 

Here, the 226D aluminum alloy has been selected. Chemical composition of this alloy is shown in Table 1. 

Table 1 Chemical composition of 226D aluminum alloy (wt.%) 

 Si Cu Fe Zn Mn Mg Ni Pb Ti Cr Sn Al 

226D 
min 8 2 - - 0.1 0.1 - - - - - 

rest 
max 11 3.5 1 1.2 0.5 0.5 0.3 0.2 0.15 0.1 0.1 

 

Carbon fibres are increasingly being used as 

reinforcement in composite material due to their 

unique properties, such as high stiffness, high 

tensile strength, low density, high chemical 

resistance, high temperature tolerance and low 

thermal expansion. Due to a high variability of 

carbon fibres, the structure of reinforcement can be 

adapted to the specific load conditions [7]. 

Furthermore, high temperature resistance and 

stability at elevated temperatures allow the 

utilisation in a manufacturing process where the 

temperature exceeds the melting point of the matrix 

alloy [8]. Here carbon fibres Toho Tenax HTS 40 were used in a three-dimensional fabric. This so called 

knitted fabric has been made of two bundles of fibres arranged perpendicularly to each other. The third 

bundle has been used as a knitting yarn to maintain the fabric in a compact form (Fig. 1). Each bundle in “x” 

direction has been composed of 24 000 filaments. In the perpendicular direction, single bundle consisted of 

12 000 filaments, each having a diameter of 7 μm. 

3. PRINCIPLES OF MANUFACTURING PROCESS/EXPERIMENTAL INVESTIGATIONS 

To obtain an appropriate quality 

of infiltration, pressurization 

within the casting process is 

indispensable [9]. Furthermore, 

to avoid the formation of 

disadvantageous phases at the 

interface, it is important to 

perform the process with an as 

short as possible solidification 

time [10]. Therefore, to 

manufacture CF/Al-MMC the 

high pressure die casting 

method has been selected. 

Casting process has been 

done at Zentralinstitut für Neue 

Materialien und Prozesstechnik Friedrich-Alexander-Universität Erlangen-Nürnberg. For the infiltration, 

Fig. 1 3D carbon fabric used in HPDC process, a) 

sketch, b) fabric 

Fig. 2 a) 3D carbon fabric arranged in steel frame, b) plate after casting 

via HPDC process at ZMP Universität Erlangen-Nürnberg 
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carbon fabrics arranged in a metal frame (Fig. 2a) were heated up 

to 800 °C using infrared lamps. Each preform was infiltrated with 

the liquid alloy at the temperature of 680 °C with a pressure of 38 

MPa. The manufactured plates had dimensions of 145 x 145 mm 

and a thickness of 10 mm (Fig. 2b).  

Regarding to high velocity of molten aluminum injection, initial 

preheating of the reinforcement and fast cooling rate are 

indispensible. Quality analysis by the help of computer 

tomography was conducted (CT) to determine the best 

arrangement of reinforcement and to estimate the porosity rate 

and amount of carbide creation of composite. Illustrative CT scan 

of investigated material with suitable arrangement of carbon fibre 

textiles is presented in Fig. 3. 

4. MATERIAL ANALYSIS 

a. Three-point bending test 

The planar composite specimens have been cut from plates characterized 

by the highest manufacturing quality. For three point bending testing 

specimens with dimension of 120 mm x 25 mm x 10 mm, according to DIN 

EN ISO 178 norm have been prepared. The three point bending test was 

carried out on a universal machine “Zwick/Roell 1465” at ILK, TU Dresden. 

The pre-load of the test specimen was 20 N and the traverse speed was 

0.5 mm/min. The test setup is shown in Fig. 4.  

Fig. 4 Setup for three point bending test 

  
Fig. 5 Results from 3 point bending test in different temperatures of 3D CF/Al-MMC  

a) bending strength; b) strain 

As shown in Fig. 5a, the strength of the composites varies with increasing temperature and reaches a 

maximum at 140 °C. The increase in tensile strength up to a temperature of 140 °C is related with the 

aluminum alloy annealing and the relieve of the remaining thermal stresses in the material after the 

manufacturing process [11]. Above this temperature, strength rapidly decreases. It is mainly related to 

changes in the matrix of composite. With increasing temperature, plastic deformation mechanisms start to 

gain importance. Furthermore, low-melting phases of alloying elements such as tin, lead, zinc and 

magnesium are plastified or even dissolved and a relieving of remained stresses at the boundary of carbon 

fibre bundles occurs. Exceeding a temperature of 300 °C, the decrease of strength is related to declining of 

adhesion between reinforcement and matrix. At this temperature, under an air atmosphere, carbon fibres 

a) b) 
4.5 
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Fig. 3 Computed tomography scan 

of 3D-CF/Al-MMC plate in three 

directions 
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enhance their reactivity and start to oxidize. 

Therefore, there are reasonable presumptions, that 

this aspect can deteriorate the interfacial adhesion by 

initial carbides creation. The mentioned factors also 

have an influence on the plastic properties of the 

composite. Fig. 5b shows the changes in strain of 

samples. To a temperature of 250 °C, a slight 

increase in elongation has been observed. Above this 

temperature elongation of specimens increases 

significantly. 

The results of Young’s modulus are shown in Fig. 6. 

An increase of Young's modulus of samples tested at 

250 °C has been observed. This predestines them for 

the application at this temperature [12]. To confirm 

this theory, further investigations which contribute to the understanding of this phenomenon are 

indispensable. 

b. Microscopic analysis 

The fracture surface of specimens after three point bending test has been investigated by the help of 

HITACHI TM3000 SEM microscope. The 226D alloy as a matrix shows no plastic deformation at room 

temperature. The fracture surface of specimen tested at 250 °C (Fig. 7a) is characterized by fibre pullout 

effects and small amounts of alloy sticking to the fibres what indicates insufficient adhesion between carbon 

fibre and aluminum alloy.  

  
Fig. 7 Fracture of CF/Al-MMC composite after three point bending test at a) 250°C; b) 350 °C 

  
Fig. 8 Microstructure of 3D CF/Al-MMC after heating up to a) 250 °C; b) 350 °C 

Fig. 6 Results of Young’s modulus at different 

temperatures of 3D CF/Al-MMC 
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In the Fig. 7b, the fracture surface of sample after bending test at 350 °C is pictured. On particular fibres, 

remains of the matrix have been observed, indicating a weak connection between reinforcement and alloy. In 

addition, a large amount of non-infiltrated areas have been observed. This hampers the adhesion between 

the components, and thus leads to a decrease of mechanical properties. 

In the frame of microscopic analysis, study of microstructure of 3D CF/Al-MMC has been carried out as well. 

In Fig. 8a, the microstructure of a sample tested at 250 °C is pictured. Precipitations of a much more low-

melting phase strengthening the alloy are visible in comparison to samples after a test at 350 °C (Fig. 8b). In 

addition, the grain size is smaller, also indicating a higher strength of the alloy. 

5. CONCLUSIONS 

Reinforcing aluminum by carbon fibres is one of the most challenging methods to improve the properties of 

tested composites, but can be successfully applied to materials working at elevated temperatures. The 

obtained results reveal that the test material is predestined to work in this complex thermal conditions. The 

bending strength increases up to 140 °C. Moreover, the peak of Young's modulus has been occurred at 

250 °C. Only temperature of 350 °C has an adversely effect on the investigated material. There were 

changes in the microstructure of the alloy and the adhesion between the components has been weakened. 

Considering these facts, further development of manufacturing process and utilization of carbon fibre 

coatings are indispensable to obtain an appropriate interface characterized by favourable adhesion between 

components and thus increase the strength properties, especially at elevated temperatures.  
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Abstract 

Rising demands for energy efficiency in the fields of mobility and mechanical engineering have a large 

influence in the nowadays development of metal matrix composites (MMC). Utilization of fibre and textile 

reinforcement in the MMC field gives high freedom of designability and ensures the capability of working in 

complex loading conditions. Aluminum based metal matrix composites textile reinforced by carbon fibre 

(CF 3D/Al-MMC) have been manufactured by high pressure die casting (HPDC). High cooling and 

solidification rate of HPDC together and the mismatch of thermal expansion coefficients between matrix and 

reinforcement cause the creation of thermal residual stresses. 

The assignation of optimal conditions for heat treatment is essential to reduce the internal stresses and 

obtain most favourable mechanical properties. 

This paper contains the quality analysis of manufactured composites by Computed Tomography (CT) and 

scanning electron microscope (SEM) equipped with EDX module and the experimental examination of CF 

3D/Al-MMC by the three point bending test. Furthermore, the fracture analysis on the interface between 

reinforcement and matrix has been done to estimate the quality of adhesion. 

Keywords: aluminum, carbon fibre, composites, stress reliving, three point bending test 

1. INTRODUCTION 

Metal matrix composites due to their designability of the reinforcing structure become more popular in 

industrial fields where using light and reliable products is indicated. To meet all requirements of industrial 

application adapted methods for series production are indispensable. Low density and high thermal stability 

is an advantageous synergic result of combining aluminum based matrix and carbon fibre reinforcement. To 

receive a composite capable of working in demanding complex thermo-mechanical loading conditions the 

3D-textiles made of carbon fibre have been chosen as reinforcement [1,2]. 

High pressure die casting method (HPDC) is characterised by short time of alloy being in liquid state, high 

pressure of injection into the mould and high solidification rate as well as high cooling rate, so that this 

method is particularly designated to series production. However casting of composites reinforced by carbon 

fibres brings more sophisticated obstacles that need to be taken into consideration. Mismatch of thermal 

expansion coefficient between carbon fibre and aluminum alloy especially for selected 3D-textile contributes 

to internal thermal stresses. These residual stresses without performing of stress reliving heat treatment 

initiate micro-fracturing in carbon fibre - aluminum contact area as well as fracturing at the boundary of 

bundles and therefore deteriorate the strength of composite [3,4]. 

To define the temperature in which the changes of internal energy of composite occurs DSC tests have been 

performed and correlated with dilatometry analysis. Durations of annealing has been chosen based on the 

literature analysis of heat treatment of aluminum alloys. The influence of stress decay heat treatment on the 

mechanical properties has been examined by 3-point bending test [5]. 

mailto:p.malczyk@ilk.mw.tu-dresden.de
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This paper contributes to understanding the influence of heat treatment on the mechanical properties and 

thermal behaviour of aluminum metal matrix composites 3D reinforced by carbon fibres manufactured by 

HPDC. The interface between carbon fibre and aluminum alloy is insufficient to ensure the required strength 

of composite and there is reasonable presumption that to obtain an appropriate interface the utilization of 

coating and further development of manufacturing process is indispensable. 

2. SELECTION OF MATERIAL AND MANUFACTURING PROCESS  

Manufacturing of metal matrix composites associated with industrial demands (where, inter alia, the large 

batch production rate is one of the most important aspects) require the development of a proper method to 

obtain favourable composites. The high pressure die casting (HPDC) method due to their high pressures and 

cooling rates allow receiving composite products in very short production times. On one hand, high 

solidification and cooling rate and thus low time of contact between melted matrix and reinforcement 

prevents an aluminum alloy to interact with carbon fibre and to create unbeneficial carbides. However on the 

other hand, mentioned rapid solidification in combination with mismatch of thermal expansion coefficients 

caused tremendous internal stresses which contribute to fracture formation and creation of discontinuities at 

the boundary of both phases [2,6,7]. 

Due to the fact that the HPDC has been chosen as a manufacturing method of composite the aluminum alloy 

226D especially designated to this technology has been selected as matrix system. Casting of plates has 

been done at Zentralinstitut für Neue Materialien und Prozesstechnik of Friedrich-Alexander-Universität 

Erlangen-Nürnberg. The composition of the alloy is shown in Table 1. 

Table 1 Composition of 226 aluminum alloy [wt.%] 

DIN 
226D 

 Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti rest 

min 8.0 - 2.0 0.10 0.10 - - - - - - - 

max 11.0 1.0 3.5 0.50 0.50 0.10 0.30 1.20 0.20 0.10 0.15 0.25 

Designability of reinforcement in metal matrix composites provides an opportunity to create load adapted 

products where the distribution of principal stresses relevant to strength is controllable. Taking this fact into 

consideration it is possible to create the composite with precisely defined location of destruction. This aspect 

gives the chance to facilitate the real time destruction monitoring without the necessity to monitor the whole 

component. The 3D-textile semi finished product with two direction of load bearing structure is a good 

example of utilization the designability of fibre reinforcement with connection to direct application 

possibilities. For the 3D-textile a HTS40 fibre from Toho Tenax has been used two different quantities and 

sizes of bundle in direction 0° and 90° combined together with additional knitting thread. Fig. 1 shows the 

structure of carbon fibre and the discrete model used for simulation [8]. 

 
 Fig. 1 Reinforcement structure a) 24 000 filaments bundle with visible knitted thread (front view), 

b) 12 000 filaments bundle with visible knitted thread (back view), c) cellular model of reinforcement structure 
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3. QUALITY ANALYSIS 

Good quality of infiltration, defined reinforcement arrangement, advantageous adhesion between fibres and 

matrix are only a few aims to achieve by developing of proper conditions in HPDC process. To control the 

progress and determine next steps in optimization of the process a continuous quality analysis is 

indispensable. Porosity rate and arrangement of the reinforcement in the cross section of plate was possible 

to identify by Computed Tomography. It was essential to recognize sufficient quality plates before performing 

the strength tests. Fig. 2 shows example of structure of the sufficient and insufficient quality with the 

corresponding CT scans [9]. 

 
Fig. 2 Manufactured plates with corresponding scans revealing the quality of plates: a) insufficient, b) 

sufficient, c) very good 

Microscopic analysis has been done in order to see if the quality of infiltration meets the requirements. The 

pictures bellow show exhibit non infiltrated areas in the middle of bundles (Fig. 3). Moreover, extremely high 

cooling rate has contributed to formation of fractures that occurred at the boundary of carbon fibre bundles 

[10-12]. 

 
Fig. 3 Non-infiltrated areas and fractures at the boundary of the bundles 

CT as well as microscopic analysis have been performed at Institute for Lightweight Engineering and 

Polymer Technology (ILK), TU Dresden, Germany. 
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4. STRESS DECAY HEAT TREATMENT AND PRINCIPLES OF TESTS 

Taking into consideration the information obtained from the quality analysis and reasonable presumptions 

about the reason of formatted cracks, the DSC analysis of 3D CF/Al-MMC composite has been done in order 

to determine the proper temperature of stress relieving (Fig. 4). 

 

 

 

 

 

 

 

 

Fig. 4 DSC analysis of matrix alloy with peak at temperature of 250 °C [11] 

The exothermal peak received in the graph inhibits an energy of about 789 mJ with maximum peak at the 

temperature of 248 °C. This effect is not related to the phase transitions in the utilized alloy and it can be 

associated with relaxation phenomena. Regarding to the temperature of the peak maximum, the temperature 

of annealing has been designated to 250 °C [11]. 

Literature analysis has shown the increase of 

strength after 20 minutes of heat treatment of 

226D alloy in temperature 250 °C. By exceeding 

this temperature a significant decrease of 

strength is received. To investigate the influence 

of relaxation time at the composite strength 

following steps of time duration in the 250 °C 

condition have been selected: 20 min, 1h, 2h, 

4h, 8h. Moreover, in order to compare the heat 

treatment of composite with unreinforced 

material monolithic specimens have been 

manufactured and annealed in exactly the same 

conditions. 

To examine the strength of specimens the 3-

point bending tests have been performed on 

universal testing machine ZWICK/Roell 1465 at ILK according to DIN EN ISO 178. Specimens’ dimensions 

were 10 mm x 23 mm x 150 mm. The bending length was 100 mm and the speed of test was set at 1 

mm/min. 

Improvement of strength after 20 minutes of annealing in 250 °C is related to the increase of stiffness of 

226D aluminum alloy within residual thermal stresses relaxation phenomena (Fig. 5) [11, 12]. 

Integral: 789 mJ 

Onset: 217.3 °C 

Peak: 247.9 °C 

Endset: 284.5 °C 

Fig. 5 Results of maximum stress at three point 

bending test vs. different time of annealing 
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Fig. 5 demonstrates the changes in maximum stress measured from bended specimens within the duration 

of annealing. It is shown that utilization of reinforcement has not improved specimens’ strength so far. 

Regarding to this fact further development of infiltration and casting process is indispensable. 

However, the shape of curves gives information about stress relieving of these two materials. Unlike to the 

results from non-reinforced specimens the curve from 3D CF/Al-MMC specimens shows decrease of 

strength after 20 minutes of annealing. There is visible improvement of strength after annealing of specimens 

in the time duration between one hour and two hours. This phenomenon is related to the relaxation of matrix 

alloy which occurs after longer annealing time due to higher thermal capacity of tested composite. The 

relieving of composite interfacial stresses formatted in the infiltrated bundles takes place afterwards, what 

can be assumed by the increase of strength after eight hours of annealing in the 250 °C. 

Fracture surface analysis of composites after bending shows brittleness of matrix alloy, significant pull out 

effect, fractures and non infiltrated areas in the middle of carbon fibre bundles (Fig. 6).  

 
Fig. 6 Cross-section of 3D CF/Al-MMC specimens 

Visible tremendous fibre and bundles pull-out effect is caused by insufficient adhesion between carbon fibre 

and aluminum alloy. Large non infiltrated areas in the middle of bundles are highly related to the low 

wettability of carbon fibres by 226D - alloy. Considering these facts it can be assumed, that to improve the 

quality of manufactured composite in microscopic scale indispensable is the utilization of coatings of fibres. 

5. CONCLUSIONS 

Manufacturing of aluminum alloy based metal matrix composites reinforced by 3D carbon fibre textiles is 

hampered by, inter alia, different thermal properties of materials, low interface adhesion, deteriorating 

process conditions, low wettability of carbon fibre by aluminum alloy, and alumina carbide formation at the 

contact area of alloy with carbon fibres. To face some of the problems applying stress decay heat treatment 

of these materials is advantageous. It is obvious that determination of proper temperature and time of stress 

relaxation needs the use of the empiric methods to determine thermo-mechanical properties directly after the 

manufacturing process and further performed treatments. 

Regarding the presence of thermal residual stresses after manufacturing process and considering the shape 

of stress relieving curve, the fact of necessity of longer annealing time to receive favourable relaxation 
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phenomenon can be assumed. First strength improvements have been received after eight hours of heat 

treatment at 250 °C.  
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Abstract  

Ultrasonic Welding is a solid state welding process, where a high-frequency vibration is combined with 

welding pressure to bond two similar or dissimilar materials together in a very short time. The vibrations are 

applied parallel to the interface between the parts, without producing a significant amount of heat during the 

process, and without causing changes in the properties of work pieces. In this paper were optimized the 

parameters of ultrasonic welding like the welding pressure, welding time and amplitude of vibrations to obtain 

a good bonding of AA2124/SiC/25 %p-T4 metal matrix composite using a 2k full factorial design. Of course, 

we are interested to know which variable of the process affects the response at most. The experiment is 

performed using AA2124/SiC/25 %p-T4 metal matrix composite under thin foil form with 1 mm thickness. It 

was observed that the factors which influence at most the welding quality and the temperature during the 

ultrasonic welding process are welding time and welding pressure. The temperature generated during the 

welding process is measured. The temperature distribution of the AA2124/SiC/25 %p-T4 metal matrix 

composite is studied in the bonding and how this influences the microstructure. It was observed that the 

temperature developed is not more than 40 % of the melting point of the base metal. After welding, 

metallographic examinations and hardness measurements were performed in the characteristic areas of the 

weld. Large hardness differences were observed between the welding zone and the base material, and the 

structures of the composite material is not modified after welding, at least not visibly. 

Keywords: ultrasonic welding, metal matrix composite, temperature distribution 

1. INTRODUCTION 

Ultrasonic welding (US) is a solid state welding process enabling to weld various types of materials, even 

metal matrix composites [1]. These materials are welded through the application of high-frequency energy 

vibrations, parallel to the surfaces which need to be welded under the pressure forces for creating a good 

bonding, in a very short time, without producing a significant amount of heat during the welding process, and 

without causing changes in properties of work pieces [2].  

Ultrasonic welding has many advantages over the other manufacturing process with role of permanent 

bonding such as (i) the processing in a solid state facilitates the storage of non-equilibrium microstructures 

produced during previous processing; (ii) the structural heterogeneities of the bond due to lack of liquid-solid 

transformation is reduced; (iii) work atmosphere is normal with no danger of formation of oxides or other 

chemical compounds [3]. Of course, there is one major disadvantage at the ultrasonic welding process, that 

the process can be applied only to small parts and wires. Therefore, in this paper we tried to bond and even 

to optimize the parameters of the process of ultrasonic welding of the AA2124/SiC/25 %p-T4 metal matrix 

composite using the 2k full factorial experiments method, to evaluate the weldability of the material by 

studying the mechanical properties of the bond and studying the macro and microstructure of the material in 

the characteristic areas of the bond. In this welding process, there are many variables that can affect the 

ultrasonic welding of the AA2124/SiC/25 %p-T4 metal matrix composite: that is why we will focus only on the 

welding pressure, on the welding time and on the vibration amplitude of the sonotrode, which are critical 

mailto:calimanumarius@yahoo.com
mailto:dinuval@ymail.com,
mailto:trfleser@yahoo.com
mailto:ioanamonica.pop@gmail.com
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parameters in defining the bond quality, as was also confirmed in literature [4]. It is known that the welding 

temperature plays a very important role in the bonding process and has a significant influence on structural 

change [5]. For this reason, in this paper we will also measure and we will visualize the temperature 

distribution during the bonding process using infrared thermography and we will study the effect of welding 

time, welding pressure and vibration amplitude of sonotrode upon the temperature during the ultrasonic 

welding of AA2124/SiC/25 %p-T4 metal matrix composite. 

2. EXPERIMENTAL  

2.1 Material used and experimental procedures 

Thin foils used in this study was AA2124 aluminum alloy, 

reinforced with silicon carbide, under particles form, in a 

proportion of 25 % (AA2124/SiC/25 %p-T4). The silicon 

carbide particles have a size of 2 ÷ 3 m. This kind of 

material was provided in form of forging plates with size 

275 mm x 220 mm x 15 mm, which was produced by 

powder metallurgy and heat treated at T4 temperature 

conditions. The chemical composition of the 

AA2124/SiC/25 %p-T4 metal matrix composite was (in 

wt.%): Al-93.8 Cu-3.86 Mg-1.52 Mn-0.62 Si-0.17 [6]. For 

ultrasonic welding of this material we had to cut the forging 

plate into small pieces (30 mm x 6 mm x 1 mm) by wire 

electric discharge machining. 

The bonding was performed using a conventional 

ultrasonic metal welding machine (2000 W, 20 KHz), for 

different ranges of the bond parameters which is shown in 

Fig. 1. The sonotrode used for this experiment was made 

of steel. 

The anvil is also made of a steel provided with serrations at 

the top surface. The area of sonotrode which come into 

contact with the work piece is also provided with serrations, 

similar to the top surface of the anvil, for preventing the 

sliding of the work pieces to be bonded. Before the bonding 

process the specimens were cleaned both mechanically 

and chemically, to remove the oxide layers on the surface, 

not to affect the bonding process. First, we studied the 

macrostructure of the bonded specimens.  

Then was analyzed the microstructure of the bonded specimens using a digital microscope. Numerous 

measurements of Vickers microhardness (HV 0.1) were made using a 100 g load and a holding time of 15 s 

to determine the microhardness variation along the bond. Measurement and visualization of temperature [7] 

distribution during the welding process was performed in real time using an infrared camera.            

2.2 Identification of influencing factors 

In this paper we focus on those factors which have the greatest influence on the ultrasonic welding process, 

such as the welding time expressed in seconds, the welding pressure expressed in bars and the vibration 

amplitude of sonotrode, expressed in percentage of the maximum value, Amax = 100 µm, and the effect of 

1   2   3   4   5   6    7    8 

Fig. 1 Ultrasonic welding equipment 

Fig. 2 The bonding specimens 

AA2124/SiC/25 %p 
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these three factors on the generated temperature during the process. Each of these factors has two levels of 

variation, as shown in Table 1. The pursued objective function is the temperature measurement during the 

ultrasonic welding process. Having three influencing factors with two levels of variation (high level (+) and 

low level (-)), we will have to do eight runs [8]. In Fig. 3 the matrix program of the experiment is shown. The 

interactions between these three influencing factors are also taken into account, which are the interaction 

between the welding time and the welding pressure, the interaction between the welding time and the 

amplitude of the sonotrode, and the interaction between the welding pressure and the amplitude of the 

sonotrode. The obtained results were treated using specialized software for statistical designing and analysis 

- MINITAB [9]. 

Table 1 The settings of factors and levels 

No. Factor Description Level 1 Level 2 

1 Weld time [s] A 2.4 3 

2 Weld pressure [MPa] B 0.25 0.35 

3 Amplitude [%] C 70 85 

  

3. RESULTS AND DISCUSSION 

3.1 Optimization of process parameters 

For optimization of the process parameters used to bond the AA2124/SiC/25 %p-T4 metal matrix composite 

specimens of 1 mm thickness, the 2k full factorial experiments were systematically adopted. In Table 2 and 

Fig. 4 the obtained results during the bonding process and the specimens are presented. From the Pareto 

chart (Fig. 4) it can be seen which of those three factors have the most significant effect upon objective 

factor, which are temperature, implicit the bond quality.  

Table 2 Experimental results 

Specimens No. Welding Time 

[s] 

Welding Pressure 

[MPa] 

Amplitude 

[%] 

Temperature 

[˚C] 

1 2.4 0.25 70 266.8 

2 2.4 0.25 85 264.1 

3 2.4 0.35 85 275.6 

4 3 0.25 85 289.0 

5 3 0.35 70 340.7 

6 3 0.35 85 315.2 

7 3 0.25 70 338.8 

8 2.4 0.35 70 318.8 

It can be seen in the Pareto chart that the welding time (A), the welding pressure (B) and the interactions 

between two of them, are the influencing factors that have the greatest effect on the temperature, but not on 

the quality of the bond. To refer to the bond quality we must take into account the vibration amplitude of the 

sonotrode, because it has a very important role in the ultrasonic welding process. This can be seen in Table 

2 where increasing one or both major influencing factors will increase the temperature generate during the 

ultrasonic welding process. The big problem is when we grow in the same time the other factor which is the 

vibration amplitude factor because this factor has harmful effect on bond quality. So, in this paper the 

combinations of factors which have the most significant effect on the bond quality of the AA2124/SiC/25 %p-

Fig. 3 Text matrix  
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T4 metal matrix composite are the combination of 

parameters from Specimens 1, 5, 7, 8 while the 

remaining specimens were not bonded (see Table 

2).The bad bonding of these specimens can be 

explained by increased vibration amplitude of the 

sonotrode, low friction at the bonding interface, and 

the work pieces remain embedded in the serrations of 

the sonotrode and respectively in the serrations of the 

anvil, because there the friction is higher. In the 

following we will investigate only those specimens 

which are obviously bonded. 

 

3.2 Macro- and micro-structures, and mechanical properties  

For investigations of macro and microstructures the 

specimens were transversally cut, parallel to the 

linear motion axes. In the top view of the bonded 

specimens (Fig. 2) we could observe the serration 

marks made by sonotrode of the ultrasonic welding 

machine, however, we do not notice these marks in 

Fig. 5, which means that good bonding of the 

AA2124/SiC/25 %p-T4 metal matrix composite 

occurred with a minimum or no deformation of the sonotrode on the surface of the work pieces to be bonded. 

In Figs. 6a, b, and c the microstructures of the bonded areas of the AA2124/SiC/25 %p-T4 metal matrix 

composite are presented at different parameters, at those sets of parameters obtained after optimization of 

the process, and Fig. 6d presents the micro-structure of the base material. At these bonds good interface 

bonding and also unbonded surface is seen. Micro-structural analysis is distinguished from Specimen 7, 

where the bonding line interface practically does not exist. At this bond we cannot identify any of typical 

defects found in fusion welding of Al metal matrix composite, such as particle accumulation and gas pores, 

and a uniform distribution of silicon carbide particles was observed in the bonding zone where we cannot see 

any different structural change compared to the base material. The distribution of Vickers microhardness 

(HV0.1) for all four bonds is shown in Fig. 7. The microhardness was measured along the bonding interface 

line at a distance of 1 mm from each other. The microhardness measured in the base material ranged from 

130 to 145 HV0.1, and in the bonding 

zone from 180 to 230 HV0.1 for all 

four.  

The microhardness difference 

between the base material and the 

bonding zone of the 

AA2124/SiC/25 %p-T4 is caused by 

very short increase of temperature, 

and the microhardness differences 

measured in the bonding zone is due 

to silicon carbide particles which 

block the uniform distribution of the 

temperature in the material. 

Fig. 4 The Pareto chart 

Fig. 5 Macrostructure of bonded specimens 

Fig. 7 Microhardness distributions along bonding interface bonds 
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Fig. 6 Microstructures near bond interfaces and in the base material of the AA2124/SiC/25 %p-T4 

 

3.3 Temperature distribution  

The maximum temperatures in the bonding zone are shown in Fig. 8 for different welding parameters. We 

can conclude that the highest temperature recorded is at the end of the welding cycle. It can be seen that 

during the ultrasonic welding process, the temperature increases very rapidly at the beginning of the weld, 

and if we increase the welding time and pressure, it will also increase the temperature. The infrared images 

of the temperature distribution of specimen 7 during ultrasonic welding at different time is shown in Figs. 9 a, 

b, c and d. During ultrasonic welding process it can be seen that heat is generated at the bond interfaces as 

well as in its neighborhood, and 

then reach at the surface. This is 

because there is a small plastic 

deformation left by sonotrode 

surface and a high friction, at the 

bonding interface. So, the highest 

temperature appears at the 

bonding interface, where the 

measured value is 339 ˚C, which 

represents about 40 % of the 

melting temperature of the base 

material.  

Unbonded surface  

US bonding interface  

US bonding interface  

Fig. 8 Maximum temperature in bonding zone 
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 Fig. 9 Temperature distribution of Specimen 7 at different time: a) t = 0.3 s, b) t = 0.9 s, c) t = 2 s, d) t=3 s 

4. CONCLUSIONS 

The bounding test of composite material with metal matrix were realized using the principle of design of 

experiments, were we obtain a range of optimal parameter that we used (welding time, welding pressure and 

amplitude). We observed that at welding time of 3 s, welding pressure of 0.25 MPa and amplitude of 70 % 

are the best values from the range of the parameters selected for obtain a good welding. We find out that if 

we decrease the vibration amplitude this will conduct to an increase of welding quality. For measuring and 

visualization of temperature distribution we used a infrared camera, and registered temperature at bounding 

interface for entire range of parameters during the welding of AA2124/SiC/25 %p-T4 metal matrix composite 

were between 264 and 341 °C. 
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EFFECT OF LOAD ASYMMETRY AND GRAIN ORIENTATION ON FATIGUE CRACK GROWTH 

IN STABLE AND THRESHOLD REGIONS IN AN AIRCRAFT AL 2124-T851 ALLOY 

Ivo ČERNÝ 

SVÚM a.s., Prague, Czech Republic, EU, Ivo.Cerny@seznam.cz  

Abstract  

Results of an experimental programme aimed at evaluation of fatigue crack growth (FCG) rates in an aircraft 

Al 2124 alloy in T851 treatment conditions are presented and discussed. Measurement was performed in 

both stable crack growth region and near-threshold region. FCG rates were measured in both L-T and T-S 

directions to evaluate sensitivity of FCG resistance on different microstructure orientation. Different load 

asymmetry conditions R = Fmin / Fmax were used, namely R = 0.1 and 0.6. Repeated measurements in more 

than one specimen at each condition enabled to evaluate reproducibility, scatter of measurement and to 

perform regression analyses including confidence bands and tolerance limits. The reproducibility of 

measurement was particularly good for L-T orientation. In this case, threshold values were somewhat higher 

and FCG rates lower in comparison with the T-S orientation. The results are completed with statistical 

regression analyses, which enable to perform an engineering assessment of residual life in specific types of 

components. The results are also discussed considering microstructure aspects. 

Keywords: Aircraft Al 2124 alloy, fatigue crack growth, threshold conditions, microstructure aspects 

1. INTRODUCTION 

Al 2024 alloys are successfully being used in aircraft industry already for many years. Their low cost, light-

weight, high strength and great fatigue resistance find excellent usage in parts and structures where a high 

strength-to-weight ratio is desirable. Al 2024 is a heat treatable alloy, and use in this condition is 

recommended. Its workability is good and it may easily be machined to high finishes. Its weldability is low, 

though it may be flash, spot, or seam welded if necessary. The corrosion resistance is rather poor, but in the 

"Alclad" condition, i.e. with Al cladding, its corrosion resistance is excellent 1.  

Dynamic components for aircraft structures have been typically designed for fatigue using the 

Palmgren/Miner rule. This rule, also known as the safe-life methodology, determines a “safe-life“ for the 

component from an assumed usage spectrum, associated stress levels and the S/N curve for the 

component. However, the inability to quantify reliability, the cost of retiring parts that probably have no 

damage have led toward the damage tolerance design approach 2. The damage tolerance design 

philosophy has been already implemented into numerous aviation regulations.  

Damage tolerance design philosophy, accepting existing defects in structures or components provided that 

they can be reliably assessed not to cause unexpected failures, starts to be applied even in other industrial 

fields than aerospace, like automotive 3 ship building 4 or in structures with complicated, combined 

damage mechanisms like pitting, fatigue and corrosion fatigue 5. One of the reasons is a necessity to 

reduce costs of structures and their operation reducing not only amount of the material to be used, but also 

reducing the structure weight resulting in saving of fuel consumption in transport industry. Environmental 

aspects also have their importance. Note that the damage tolerance and reliability of such structures can 

only be assured through appropriate materials selection, application of rigorous testing methodologies and 

through-life inspection and monitoring.  

mailto:Ivo.Cerny@seznam.cz
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This contribution contains results of a fairly comprehensive study of fatigue crack growth (FCG) in an Al 2124 

alloy used for manufacture of certain components of aircraft with the aim to obtain necessary data to apply 

damage tolerance approach.  

2. EXPERIMENTAL PROGRAMME 

Investigations and measurements of FCG was performed using Al 2124-T851 alloy. The Al 2124 alloy is a 

modification of the Al 2024 alloy. Their chemical composition is very close to each other, purity of Al 2124 

being slightly higher. Therefore, particularly the version 2124 is being used in aircraft industry. The T851 

state means solution heat treatment, rolling, cold working by stretching and artificial ageing.  

Standard chemical composition of Al 2024 alloy is in Table 1 6. The composition of Al 2124 differs just in 

Fe content ( 0.3) and Si content ( 0.2). Mutual comparison of basic mechanical properties of both the 

versions is in Table 2 6.  

Table 1 Chemical composition of Al 2024 alloy 

Element Al Cu Mg Si Mn Fe Zn Cr Ti 

Weight % 90.7-94.7 3.8-4.9 1.2-1.8  0.5 0.3-0.9  0.5  0.25  0.1  0.15 

Table 2 Basic mechanical properties of Al 2024 and Al 2124 alloys 

Alloy Strength 

(MPa) 

Yield strength 

(MPa) 

Elongation 

at break (%) 

HV10 Fatigue  

strength (MPa) 

Fracture toughness 

in L-T (MPam1/2) 

Al 2024-T851 469 324 20 137 138 37 

Al 2124-T851  483 441 8 146 125 32 

 

Hardness measurement carried out at SVÚM laboratory confirmed the declared value. Actual hardness 

HV10 was measured at nine point on different specimens and the actual values was 146  1.5.  

Metallographical analysis was carried out after sectioning one of the specimens after the FCG measurement, 

where FCG in L-T direction was evaluated. Microstructure in cross section of this specimen, i.e. in a plane 

parallel to fracture surface, is in Fig. 1a. Microstructure in longitudinal section of the specimen is in Fig. 1b. 

Fig. 1a Microstructure at cross section of L-T 

specimen, T and S directions pointed out by arrows 

Fig. 1b Microstructure at longitudinal section of L-T 

specimen, L and T directions pointed out by arrows 

T 

S S 

L 
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Microstructure is typical for rolled and artificially aged conditions of the Al 2124 alloy, containing elongated 

grains and fairly coarse precipitates. Quite a lot of inclusions could be observed, which were locally 

accumulated (Fig. 1b). Microstructure and grain shape was similar in all the specimens used for the FCG 

measurement, as they were manufactured from a single plate of the material.   

FCG measurement was performed using three-point-bend specimens of total length L = 140 mm, width W = 

30 mm and thickness B = 10 mm. Load span was 120 mm. Mechanical high-cycle fatigue machine 

SCHENCK PHG was used, test frequency 40 Hz. Crack length and growth was measured using DCPD 

device and method developed at SVÚM laboratory earlier 7,8. The DCPD method modified at SVÚM and 

the device enable to perform the measurement very exactly, which has been recently confirmed during a 

Proficiency Test Programme organised by Exova / GE Aviation using an Al 7075 material. Results obtained 

at SVÚM laboratory were one of the most exact between all the worldwide participating laboratories 9. The 

specimen prepared for the FCG measurement is inFig. 2.  

  

Fig. 2 Specimen prepared for the FCG measurement 

Measurement was performed at two different load asymmetry, namely R = 0.1 and R = 0.6. It was very 

important to evaluate effect of load asymmetry besides different crack growth directions, because strong 

stress ratio and material dependence effects on FCG in Al alloys are characteristic 10. The differences are 

caused mostly by crack closure effects, which occur at low R values unlike at high values of load asymmetry 

like R = 0.6.  

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Results of FCG measurements are shown in the following three diagrams. Fig. 3 shows a comparison of 

FCG rates at the load asymmetry R = 0.1 in the two directions, L-T and T-S, respectively. The next diagrams 

- Figs. 4 and 5 - show comparisons between FCG rates at load asymmetries R = 0.1 and R = 0.6 for L-T and 

T-S growth directions, respectively. Note that material structure orientation (L. T, S) is specified e.g. in 11. 

Considering final fracture of specimens, namely the final Kmax value, the values are in a good agreement with 

the general ASM Aerospace Specification 6, where fracture toughness in L-T direction is 32 MPam1/2. Kmax 

values at break inFig. 3 are 29.2 and 29.5 MPam1/2, which can be considered as a very good agreement.  
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Fig. 3 Comparison of FCG rates in L-T and T-S directions at load asymmetry R = 0.1 
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Fig. 4 Comparison of FCG rates in L-T direction at load asymmetries R = 0.1 and R = 0.6 
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Fig. 5 Comparison of FCG rates in T-S direction at load asymmetries R = 0.1 and R = 0.6 
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There are not many possibilities to compare the measured FCG rates in threshold regions and threshold 

values with the literature - it is quite difficult to find such the data for the Al 2124 alloy in T851 treatment 

conditions. Literature data being at disposal are just those for the Al 2024 alloy in T3 conditions. The data 

obtained in this work are not far from them. FCG data for the Al 2024-T3 alloy loaded in ambient air at 

frequency 20 Hz are presented in 12. Threshold values are approximately 3 and 2 MPam1/2, respectively, 

at load asymmetries R = 0.05 and R = 0.5, respectively. These values correspond quite well with those 

obtained in this work, particularly in T-S direction. However, concerning the slope of the linear regression line 

in log-log coordinates (power dependence da/dN = CKm), i.e. values of the coefficient m, the slope is not so 

steep in this presented work, which is much more realistic in comparison with 12. As already mentioned, in 

this work, final failure occurred at Kmax more than approximately 30 MPam1/2 and the corresponding FCG 

rates were around 10-6 m/cycle, whilst in 12, failure occurred at FCG rates 10-7 m/cycle and corresponding 

Kmax less than 10 MPam1/2. Values of the coefficients C and m evaluated for selected specimens is in Table 

3.  

Table 3 Values of the coefficients C and m evaluated for selected specimens 

Specimen Coefficient C Coefficient m 

LT1 7.04E-11 2.86 

LT3 1.28E-10 2.64 

TS1 2.90E-10 2.43 

TS3 7.14E-10 1.94 

It can be pointed out that values of the coefficients are very reproducible and self consistent particularly in 

case of L-T FCG direction.  

Another phenomenon in the diagrams should be pointed out, namely reasonable differences between FCG 

rates in both threshold and stable growth regions at R = 0.1 and R = 0.6 in L-T direction (Fig. 4), but 

surprisingly no such the differences in T-S direction (Fig. 5). This behaviour cannot be easily explained 

without an evaluation of crack closure, which is likely a very important factor.  

Concerning some declinations of FCG values from the linear regression lines in T-S direction at fairly high K 

range - Figs. 3 and 5, the local retardation can be connected with some microstructure irregularities 

observed, namely local coarse grain and clusters of inclusions.  

4. CONCLUSIONS 

The most important results of a comprehensive experimental programme aimed at an evaluation of FCG 

rates in Al 2124-T851 alloy, in L-T and T-S directions, at load asymmetries R = 0.1 and R = 0.6 can be 

summarised as follows: 

 Concerning final fracture of specimens, namely the final Kmax value, the values are in a good 

agreement with the general ASM Aerospace Specifications, being around 30 MPam1/2.  

 Data from the near threshold region and threshold values of Kth were in quite a good agreement with 

literature FCG data for a similar alloy, namely Al 2024-T3.  

 The slope of the linear regression line in log-log coordinates (power dependence da/dN = CKm) is 

not so steep in this presented work in comparison with the literature data of the Al 2024 alloy. Results 

obtained in this work look to be much more realistic in comparison with the literature ones.  

 There were reasonable differences between FCG rates in both threshold and stable growth regions at 

R = 0.1 and R = 0.6 in L-T direction, but surprisingly no such the differences in T-S direction.  
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Abstract 

The conference paper reports results of a study aimed at understanding precipitation processes of the binary 

Al-Mn and quaternary Al-Mn-Sc-Zr alloy. The alloys were investigated in the mould-cast state and cold-rolled 

state. The alloys were studied during step-by-step quasilinear annealing from 200 °C up to 600 °C with 

heating rate 100 K/h followed by subsequent isothermal annealing at 600 °C/4 h. The effect of the pseudo-

homogenization heat treatment (610 °C/18 h) on mechanical properties of the alloys during isothermal 

annealing at 300, 400 and 500 °C was also investigated. Precipitation reactions were studied by electrical 

resistometry and (micro) hardness measurements. The microstructure development was investigated by 

transmission, scanning electron microscopy and electron diffraction examinations. The hardening effect is 

due to fine, coherent, uniformly distributed Al3Sc and/or Al3(Sc,Zr) particles. The distinct changes in resistivity 

of the cold-rolled alloys at temperature above  300 °C are mainly caused by precipitation of Mn-containing 

particles. Precipitation of these particles has an insignificant effect on microhardness. 

Keywords: phase transformations; Al6Mn phase; resistivity; AlMnScZr alloy 

1. INTRODUCTION 

The effect of a small addition of Mn ( 1.5 wt.%), Sc ( 0.2 wt.%) and Zr ( 0.1 wt.%) in Al-based alloys on 

mechanical properties, weldability and corrosion resistance is pronounced [1-8]. Mn is the most widely used 

transition metal in commercial aluminum alloys [1]. The precipitation of the orthorhombic Al6Mn particles in Al 

alloys influences the resistivity significantly [5], but it has only poor effect on hardness [4, 5]. Additions of Sc 

and Zr to Al-based alloys lead to the formation of coherent spherical Al3(Sc,Zr) particles with the cubic L12 

structure [1, 4, 5, 9-12]. It was recently observed that cold deformation helps to accelerate precipitation of 

Mn-containing particles at temperature about  350 °C and the recrystallization process [5-7, 13, 14]. 

Scandium ( 0.2 wt.%) and zirconium ( 0.1 wt.%) additions in Al-based alloys lead to a formation of 

coherent spherical nano-sized Al3(Sc,Zr) particles with the cubic L12 structure [1, 4, 5, 9, 14]. 

In the present study a comparison of the Al-Mn and Al-Mn-Sc-Zr alloys with/without cold rolling during 

isothermal annealing at 300, 400 and 500 °C and during step-by-step quasilinear annealing up to 600 °C 

with heating rate 100 K/h was done. The results of measurements of electrical resistivity, microhardness and 

microstructure development were combined. 

2. EXPERIMENTAL DETAILS 

The mould-cast AlMn alloy (MC) and the same alloy in the cold-rolled state (CR) with 60 % reduction were 

studied. The mould-cast AlMnScZr alloy and the same alloy after cold rolling with 80 % reduction were also 

studied. Chemical analysis of the AlMn alloy (in wt.%) was determined as: Mn - 1.47, Fe - 0.06, Si - 0.03 and 
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Al - balanced. Two ingots of the AlMnScZr material were cast. The average of chemical analyses was 

determined as: Mn - 1.35, Sc - 0.27, Zr - 0.23, Fe - 0.07, Si - 0.05 and Al - balanced. 

The annealing of the alloys was performed in an air furnace (samples were wrapped in a steel foil) followed 

by quenching into water at room temperature (RT). The pseudo-homogenization heat treatment (HT) at 610 

°C/18 h simulating the technological heat treatment was performed exactly in the same way as that used in 

[14]. The alloys were also studied during step-by-step quasilinear annealing (QA) from 200 °C up to 600 °C 

with heating rate 100 K/h followed by subsequent isothermal annealing at 600 °C/4 h. 

The electrical resistivity measurements (RESI) were done at 78 K in liquid nitrogen bath by means of the DC 

four-point method within an accuracy of  10-4 with a dummy specimen in series. The effect of a parasitic 

thermo-electromotive force was suppressed by a change in polarity. The electrical conductivity (eddy current 

method) measurements were done at RT. 

The microhardness HV0.5, HV5 and HV10 measurements of the alloys were measured at RT. The 

measurements of microhardness values started no longer than 0.1 h after the quenching. 

Transmission (TEM) and scanning electron microscopy (SEM), electron diffraction (ED) were carried out to 

determine the microstructure of the alloys. The analysis of precipitated phases was supported by energy-

dispersive spectroscopy performed by X-ray BRUKER microanalyser. 

3.  RESULS AND DISCUSSION 

Fig. 1 shows annealing curves of the electrical resistivity together with (micro)hardness HV0.5 and HV5 of 

the alloys in the as-prepared state in QA procedure. The electrical resistivity of the AlMn alloys decreases 

continuously from 400 °C to a minimum at 600 °C/5 h and to a minimum at 500 °C in the AlMnScZr alloys. 

The different values of (micro)hardness of the cold-rolled alloys compared to the mould-cast alloys reflect an 

effect of cold-rolling. 

Only occasional irregular sharp-edged polygonal particles of the AlMnFeSi system were found in the as-

prepared state of the studied AlMn alloys. 
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Fig. 1 Resistivity, hardness HV5 and microhardness HV0.5 values of the studied AlMn and AlMnScZr 

alloys in QA procedure 

Microstructure observation by SEM of the cold-rolled AlMn alloy at the end of the QA showed the Al6Mn 

and/or Al6(Mn,Fe) particles of a size ~ 800 nm in (sub)grain interiors and of ~ 10 m at grain boundaries 

respectively (Fig. 2). The pronounced resistivity decrease of the cold-rolled AlMn alloy corresponds to the 
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massive Al6Mn-phase precipitation. The nucleation and growth of the 

incoherent Al6Mn and/or Al6(Mn,Fe) phase is significantly enhanced by 

the deformation structure of the cold-rolled AlMn alloy. These results 

are consistent with results in the deformed Al-Mn-based alloys where 

the resistivity decrease was more intensive in the deformed specimens 

and where deformation accelerated the incoherent Al6Mn-phase 

precipitation (e.g. Refs. [5, 14]). 

No changes were observed in microhardness development of the 

mould-cast AlMn alloy. On the other hand a continuous microhardness 

decrease was observed in the cold-rolled AlMn alloy. The initial 

difference in microhardness introduced by cold rolling almost 

disappears after annealing at 500 °C. Microhardness of the cold-rolled 

AlMn alloy above 500 °C attains approximately the value of the mould-

cast material. After a minor microhardness decrease due to recovery 

effects, microhardness of the cold-rolled AlMn alloy substantially 

decreased, indicating the occurrence of recrystallization after annealing 

above 400 °C. There is a narrow range of the fast softening which is 

typical for recrystallization processes and which was observed in the Al-

Mn-based alloys and in the Al-Mn-Zr-based alloys [6, 15]. It can be seen 

that the precipitation of the Mn-containing particles has an insignificant 

effect on microhardness in the studied AlMn alloys. 

The pronounced resistivity decrease in the mould-cast and cold-rolled 

alloys during the QA procedure equals Δρ  9 nΩ.m and  22 nΩ.m 

respectively. The concentration diminution ΔcMn of Mn in the matrix of the cold-rolled alloys can be estimated 

from the known resistivity contribution of the unit Mn-concentration in Al [1, 16, 17]. The possible 

concentration diminution ΔcMn was calculated as ΔcMn = (0.29 ± 0.05) wt.% Mn in the mould-cast alloy and 

ΔcMn = (0.73 ± 0.09) wt.% Mn in the cold-rolled alloy. These results are consistent with the results on Al-Mn-

based alloys where the resistivity decrease was more intensive in the cold-rolled specimen and where the 

cold-rolling strain helped to accelerate the Al6Mn-phase precipitation (e.g. [5, 14]). There are, of course, 

other effects that can contribute to this resistivity decrease such as a recovery and recrystallization effects. 

However, the possible resistivity decrease due to these processes, if estimated from their contributions to 

resistivity in Al, is minor one (Δρ  2 nΩ.m) [18]. 

Microstructure observation of the mould-cast AlMnScZr alloy showed equiaxed grains of the size  100 m. 

It also proved a homogenous dispersion of the Al3Sc and/or Al3(Sc,Zr) particles which precipitated during 

solidification in grain interiors (Fig. 3). Observation of the microstructure reveals a (sub)grain structure (~ 1 

µm) in the initial state of the cold-rolled material. Dislocations are observed predominantly arranged at 

subgrain boundaries, whereas the dislocation density is moderate in the subgrain interior. 

Results obtained in the previous studies of the mould-cast AlMnScZr alloys during step-by-step annealing up 

to  480 °C [4, 5, 19] showed additional precipitation and coarsening of the Al3(Sc,Zr) phase. Thus it is highly 

probable that the observed decrease of resistivity and corresponding hardening in the mould-cast AlMnScZr 

alloys annealed up to 500 °C can be ascribed to this process, too. The resistivity annealing curves of the 

cold-rolled AlMnScZr alloy up to 500 °C exhibit a higher decrease of the electrical resistivity than those of the 

mould-cast one. With respect to the solubility limits of Sc and Zr at comparable temperatures and the known 

resistivity contribution of the unit Mn-, Sc- and Zr-concentration in Al [16, 17, 20]), it is obvious that the 

resistivity development in the cold-rolled AlMnScZr alloy at temperatures above ~ 300 °C must be mainly 

associated with the precipitation of Mn-containing particles. The nucleation and growth of the incoherent 

Al6Mn and/or Al6(Mn,Fe) phase is enhanced by the deformation structure of the cold-rolled alloy. 

 
Fig. 2 SEM of the cold-rolled 

AlMn alloy 

 
Fig. 3 The AlMnScZr alloy: 

dispersion of the Al3Sc and/or 

Al3(Sc,Zr) particles 
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The microhardness development of the cold-rolled AlMnScZr alloy 

preceded microhardness behaviour of the mould-cast alloy up to 500 

°C. Note that precipitation of the Mn-containing particles has no 

significant effect on hardness (see Fig. 2). It seems very probable that 

cold rolling leads to an acceleration of the Al3(Sc,Zr)-phase 

precipitation. The precipitation and growth kinetics of the Al3Sc and 

Al3(Sc,Zr) particles can be also affected by the presence of a 

deformation substructure. Similar effect was observed in the deformed 

Al-0.3 wt.% Sc and in the AlMnScZr alloy prepared by powder 

metallurgy [21, 22]. It is also worth noticing that the presence of the L12-

structured Al3Sc and/or Al3(Sc,Zr) particles in the as-prepared state 

(Fig. 3) results in a lower super saturation of Sc and Zr in the solid 

solution compared to the mould-cast AlScZr and AlMnScZr alloys (see 

Refs. [4, 5]). Therefore, the increase of microhardness of the studied 

AlMnScZr alloys is lower compared to the alloys from our previous 

studies. 

The resistivity annealing curves of the alloys from 500 °C to the end of 

the QA exhibit an increase of the electrical resistivity followed by a slight 

resistivity decrease. Homogeneously distributed Al3(Sc,Zr) particles and coarsened Mn-containing particles, 

identified as the Al6Mn phase, were observed in the mould-cast AlMnScZr alloy by TEM (see Fig. 4). The 

simultaneous coarsening and dissolution of the Al3(Sc,Zr) particles and of Mn-containing particles were 

already observed in as-cast Al-Mn-Sc-Zr alloy during annealing at temperatures above 520 °C [4, 5, 14]. 

With respect to the solubility of Mn in Al at temperatures of about  600 °C ( 0.5 at.% Mn) [1], it can be 

supposed that the annealing curves above 500 °C indicate a competition of these two processes, too. 

There is a noticeable HV0.5 decrease of the cold-rolled alloy during the QA procedure at 600 °C. The 

microhardness is close to the initial value of the mould-cast alloy. It can be connected with faster coarsening 

of the L12-structured particles and/or substructure recovery and recrystallization in the cold-rolled alloy. 

However, additional experiments are necessary to support this explanation. 

Comparison of the hardness, microhardness and resistivity values in the as-prepared and in the HT state of 

the alloys is summarized in Table 1. No difference is observed in microhardness HV0.5 values of the mould-

cast AlMn alloy. However, microhardness decrease was observed in the cold-rolled AlMn alloy due to 

recovery and/or recrystallization. Resistivity decrease of the AlMn alloys corresponds to the precipitation of 

the Al6Mn-phase particles during HT. One can see that the resistivity values of the AlMn alloys in the HT 

state are lower thanks to lower concentration of the Mn in the solid solution. It indicates more distinct 

precipitation of the Mn-containing particles after longer time at 600 °C than in the as-prepared alloys. The 

possible concentration diminution ΔcMn during HT was calculated as ΔcMn = (0.35 ± 0.05) wt.% Mn in the 

mould-cast alloy and ΔcMn = (0.78 ± 0.08) wt.% Mn in the cold-rolled alloy. 

There is a noticeable hardness HV5 and electrical resistivity decrease of the AlMnScZr alloys during HT. 

Overaged and coarsened Al3(Sc,Zr) and Al6Mn particles were observed in the mould-cast AlMnScZr alloy by 

TEM (seeFig. 5) in the HT state. The simultaneous coarsening and dissolution of the Al3(Sc,Zr) particles is 

the reason for the observed hardness and resistivity decrease. The microhardness value of the cold-rolled 

AlMnScZr alloy in the HT state is lower than the initial value of the mould-cast AlMnScZr alloy. It can be 

connected with faster coarsening of the L12-structured particles and/or with recovery and recrystallization in 

the cold-rolled alloy. 

 

 
Fig. 4 The AlMnScZr alloy 

annealed up to 600 °C/5 h: 

homogenous distributed 

Al3(Sc,Zr) particles and 

coarsened Mn-containing 

particles 
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Table 1 Hardness, microhardness and electrical resistivity values in the as-prepared state and after pseudo-

homogenization heat treatment at 610 °C/18 h (HT state) 

 

 

 

 

 

The mould-cast AlMn and AlMnScZr alloys (in the as-prepared and in the HT state) were isothermally 

annealed at 300 °C, 400 and 500 °C up to 960 minutes. The results of hardness HV10 measurements are 

plotted in Figs. 6 and 7. Hardness HV10 values of the AlMn alloy in the as-prepared state and HT state are 

comparable within the scatter to each other. It agrees with 

conclusion above - precipitation of the Mn-containing particles has 

an insignificant effect on microhardness. 

The different initial values of microhardness HV10 of the mould-

cast AlMnScZr alloy in the as-prepared and HT state reflect mainly 

an effect of simultaneous coarsening and dissolution of the 

Al3(Sc,Zr), again. The hardness annealing curves of the mould-

cast alloy at 300 °C and 400 °C are very similar to each other 

within accuracy. Maximum hardening of the alloy is achieved 

presumably due to additional precipitation of the Al3Sc and/or 

Al3(Sc,Zr) particles at 240 minutes for both annealing 

temperatures. The hardness annealing curve of the mould-cast 

AlMnScZr alloy at 500 °C attains maximum at 4 min due to the 

precipitation Sc,Zr-containing particles. It also indicates a 

continuous coarsening of the Al3Sc-phase particles above 12 min. 

Maximum hardening of the AlMnScZr alloy in the HT state is achieved at 300 °C and 400 °C due to 

precipitation of the Al3Sc and/or Al3(Sc,Zr) particles, again. The hardness of the alloy at 500 °C remains 

constant during the annealing. It is also worth noticing that the hardening HV10 in the HT state is higher as 

a probable consequence of a higher super saturation of Sc and Zr in the solid solution compared to the 

mould-cast state. 
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Fig. 6 Hardness isothermal curves of the mould-cast 

AlMn and AlMnScZr alloys 

Fig. 7 Hardness isothermal curves of the AlMn and 

AlMnScZr alloys in the HT state 

Alloy 
As-prepared state 

HV0.5 HV5  [n.m] 

AlMn MC 32 ± 1 - 52.2 ± 0.9  

AlMn CR 52 ± 2 - 52.6 ± 0.7 

AlMnScZr MC - 54 ± 2 53.2 ± 0.6 

AlMnScZr CR - 71 ± 3 53.9 ± 0.6 

Alloy 
HT state 

HV0.5 HV5  [n.m] 

AlMn MC 31 ± 1 - 41.5 ± 0.5  

AlMn CR 30 ± 2 - 29.4 ± 0.4 

AlMnScZr MC - 43 ± 3 46.3 ± 0.6 

AlMnScZr CR - 49 ± 3 34.8 ± 0.5 

 

Fig. 5 Overaged and coarsened 

Al3(Sc,Zr) and Al6Mn particles in the 

mould-cast AlMnScZr alloy in the HT 

state 
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CONCLUSIONS 

Precipitation effects in the mould-cast and cold-rolled AlMn and AlMnScZr alloy were investigated. 

Microstructure observation showed the presence of the Al3Sc and/or Al3(Sc,Zr) particles in as-prepared state 

of AlMnScZr alloys. It was found that peak hardening in the AlMnScZr alloy is caused by additional 

precipitation of these particles. The pronounced Al6Mn-phase precipitation was observed in the cold-rolled 

alloys. It has a negligible effect on hardness.  

ACKNOWLEDGEMENT 

The work is a part of activities of the Charles University Research Centre "Physics of Condensed 

Matter and Functional Materials". This work was also supported by The Czech Science Foundation 

(GACR), project no. GP P107/11/P201. 

LITERATURE 

[1] Toropova, L.S., Eskin, D.G., Kharakterova, M.L., Dobatkina, T.V. Advanced Aluminum Alloys Containing 

Scandium - Structure and Properties. Gordon and Breach Science Publisher.The Netherlands 1998. 

[2] Karlik, M., Manik, T., Lauschmann, H. J. Alloys Compd., 2012, vol. 515, pp. 108-113. doi: 

10.1016/j.jallcom.2011.11.101. 

[3] Pokova, M., Cieslar, M., Lacaze, J. Acta Phys. Pol. A, 2012, vol. 122, pp. 625-629. 

[4] Vlach, M., Stulíková, I., Smola, B. et al. Mater. Charact., 2010, vol. 61, pp. 1400-1405. doi: 

10.1016/j.matchar.2010.10.006. 

[5] Vlach, M., Stulíková, I., Smola et al. Mater. Sci. Eng A, 2012, vol. 548, pp. 27-32.  

[6] Liu, W.C., Radhakrishnan, B. Materials Letters, 2010, vol. 64, pp. 1829-1832.  

[7] Forbord, B., Auran, L., Lefebvre, W. et al. Mater. Sci. Eng A, 2006, vol. 424, pp. 174-180. doi: 

10.1016/j.msea.2006.03.044. 

[8] Vojtěch, D., Saksl, K., Verner, J. et al. Mater. Sci. Eng A, 2006, vol. 428, pp. 188-195. doi: 

10.1016/j.msea.2006.05.017. 

[9] Lefebvre, W., Danoix, F., Hallem, H. et al. J. Alloys Compd., 2009, vol. 470, pp. 107-110. doi: 

10.1016/j.jallcom.2008.02.043. 

[10] Booth-Morrison, Ch., Dunand, D.C., Seidman, D.N. Acta Mater., 2011, vol. 59, pp. 7029-7042. doi: 

10.1016/j.actamat.2011.07.057. 

[11] Jones, M.J., Humphreys, F. J. Acta Mater., 2003, vol. 51, pp. 2149-2159. doi: 10.1016/S1359-6454(03)00002-8. 

[12] Røyset, J., Ryum, R. Int. Mater. Rev., 2005, vol. 50, pp. 19-44. doi: 10.1179/174328005X14311. 

[13] Birol, Y. Scripta Mater., 2009, vol. 60, pp. 5-8. doi: 10.1016/j.scriptamat.2008.07.047. 

[14] Vlach, M., Stulíková, I., Smola et al. Int. J. Mater. Res., 2012, vol. 103, pp. 814-820. doi: 10.3139/146.110712. 

[15] Jia, Z., Hu, G., Forbord, B. et al. Mater. Sci. Eng. A, 2007, vol. 444, pp. 284-290. doi: 

10.1016/j.msea.2006.08.097. 

[16] Fujikawa, S.I., Sugaya, M., Take, H. et al. J. Less-Common Met., 1979, vol. 63, pp. 87-97. doi: 10.1016/0022-

5088(79)90211-X. 

[17] Olafsson, P., Sandstrom, R., Karlsson, A.J. J. Mater. Sci., 1997, vol. 32, pp. 4383-4390. doi: 

10.1023/A:1018680024876. 

[18] Fickett, F.R. Cryogenics, 1971, no. 11, pp. 349-367. doi: 10.1016/0011-2275(71)90036-1. 

[19] Vlach, M., Stulíková, I., Smola et al. Defect Diffusion Forum, 2013, vol. 334-335, pp. 161-166. doi: 10.4028/ 

www.scientific.net/DDF.334-335.161. 

[20] Knipling, K.E., Dunand, D.C., Seidman, D.N. Int. J. Mater. Res., 2006, vol. 97, pp. 246-265. 

[21] Ferry, M., Burhan, N. Acta Mater., 2007, vol. 55, pp. 3479-3491. doi: 10.1016/j.actamat.2007.01.047. 

[22] Vlach, M., Stulíková, I., Smola et al. Acta Phys. Pol. A, 2012, vol. 122, pp. 439-443. 

http://www.scientific.net/DDF.334-335.161


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1230 

TWIN-ROLL CAST ALUMINUM ALLOYS PROCESSED BY ECAP 

Michaela POKOVÁ, Miroslav CIESLAR, Přemysl MÁLEK 

Charles University in Prague, Prague, Czech Republic, EU, pokova@karlov.mff.cuni.cz  

Abstract  

Two aluminum alloys from the AA3003 series (Al-Mn-Fe-Si), one of them with the addition of zirconium, were 

prepared by the twin-roll casting method. These highly supersaturated alloys were heat treated at 450 °C in 

order to form small coherent Al3Zr particles, which are known to enhance recrystallization resistance of 

deformed aluminum alloys. Afterwards the alloys were subjected to severe plastic deformation by equal 

channel angular pressing (ECAP) with 1 and 4 passes. The microstructure after ECAP was investigated by 

means of light and transmission electron microscopy. Thermal stability of both alloys at elevated 

temperatures was monitored by Vickers microhardness measurements. The addition of zirconium was found 

to have a positive effect on the thermal stability and to shift recrystallization to higher temperatures. 

Keywords: aluminum alloys, Al3Zr, ECAP, TEM, thermal stability 

1. INTRODUCTION  

Materials prepared by twin-roll casting (TRC) have a high potential for industrial applications as this method 

leads to energy and material savings as compared to conventional casting methods. Their microstructure 

and mechanical properties are different from the materials prepared by conventional casting due to a high 

solidification rate [1]. Higher solid solution supersaturation, finer grain size and finer dispersion of secondary 

particles represent the main benefits [2]. 

Thermal stability at elevated temperatures is important for technical applications. It is known that one of the 

most efficient methods how to stabilize the microstructure of aluminum alloys is the addition of a small 

amount of zirconium or scandium or their combination [3, 4]. The stabilizing effect of Sc is better in 

comparison with Zr, however a high price of Sc limits its use in industry [5, 6]. Coherent Al3Zr precipitates are 

rmed during a suitable heat treatment and they can pin moving dislocations and grain boundaries and thus 

enhance the recrystallization resistance of aluminum alloys [7, 8].  

Methods of severe plastic deformation (SPD) introduce a large amount of deformation into the materials and 

result generally in a strongly reduced grain size and enhanced strength of materials. One of the most 

promising SPD techniques is equal channel angular pressing (ECAP). Its main advantage is that the shape 

of the material is preserved after ECAP and the deformation step can be repeated. Many works have been 

devoted to the investigation of the influence of ECAP on mechanical properties of aluminum alloys [9-12]; 

however, the experiments on the twin-roll cast sheets, which exhibit higher solid solution supersaturation and 

different second phase particles distribution are very scarce. 

In the present work we focused on the influence of the addition of Zr and of the number of ECAP passes on 

the microstructure evolution of a TRC aluminum alloy and on its thermal stability and recrystallization 

behaviour during annealing at elevated temperatures. 

2. EXPERIMENTALS 

We studied two modifications of an aluminum alloy from the AA 3003 series (1.0 ÷ 1.5 wt.% Mn, ≤ 0.7 wt.% 

Fe, ≤ 0.6 wt.% Si, 0.05 ÷ 0.2 wt.% Cu and ≤ 0.2 wt.% Zn), one of them with the addition of 0.16 wt.% of Zr. 

The twin-roll cast materials were subjected to annealing from room temperature to 450 °C with a heating rate 

mailto:pokova@karlov.mff.cuni.cz
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0.5 °C/min and subsequently held at this temperature for 8 hours. This treatment leads to the precipitation of 

Al3Zr particles in the Zr-containing alloy [13]. Samples with the cross section of 10x10 mm2 were afterwards 

processed by ECAP at room temperature, using route Bc and pressing speed 10 mm/min.  

The grain size and grain structure were studied by the means of light microscopy. The samples were treated 

by electrolytic etching with Barker solution and observed in polarized light. The microstructure was studied 

using transmission electron microscopy (TEM).  

The thermal stability and restoration processes at elevated temperatures were monitored by Vickers 

microhardness measurement performed post-mortem at room temperature.  

3.  RESULTS  

3.1  Microstructure of the as prepared materials 

Fig. 1a shows that a high density of secondary particles nucleated in both alloys during annealing at 450 °C. 

These particles were identified mainly as the α-Al15(Mn,Fe)3Si2 phase [14]. The dark field image (Fig. 1b) 

reveals the presence of Al3Zr precipitates in the Zr-containing alloy.  

The light optical micrographs document that the grains preserve their elongated shape resulting from the 

original TRC process after 1 ECAP pass. On the contrary, four ECAP passes completely destroy this 

elongated structure and a hardly recognizable equiaxed microstructure is formed (Fig. 2b). 

  
Fig. 1 (a) Particles of the α-Al15(Mn,Fe)3Si2 phase and (b) Al3Zr precipitates (dark field image) after annealing 

at 450 °C for 8 hours in the Zr-containing material 

    

Fig. 2 The light optical micrographs of the grain structure of the Zr-containing alloy after 1 ECAP pass (a) 

and 4 ECAP passes (b). The direction of pressing is vertical 

No significant differences were observed between both alloys in the deformed state by TEM. The 

microstructure after 1 ECAP pass consists of high number of subgrains of sub-micron size and the 
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dislocation density is high (Figs. 3a, 3b). After four ECAP passes, the grains and subgrains are well defined, 

maintaining the sub-micron size (Figs. 3c, 3d) and the dislocation density is much lower. 

  

  

Fig. 3 (a), (b) Dislocation substructure and Al3Zr precipitates after 1 ECAP pass. (c), (d) Subgrains and 

grains after 4 ECAP passes in the Zr-containing alloy 

3.2  Thermal stability at elevated temperatures 

The samples of both alloys after 1 and 4 ECAP passes were subjected to isochronal annealing at 

temperatures ranging from 100 to 550 °C with a heating scheme 50 °C/25 min. In order to monitor softening 

processes and recrystallization, Vickers microhardness with a load of 100 g (HV0.1) was measured after 

quenching from the annealing temperature at room temperature. Fig. 4 shows that the microhardness of the 

un-annealed samples increases with the number of ECAP passes. For comparison the HV values of both 

materials prior to ECAP are 49.1 MPa for the alloy without Zr and 50.3 MPa for the Zr-containing alloy, 

respectively [13]. The addition of Zr enhances the HV values not only in the initial state after ECAP but 

during the whole annealing cycle.  

The decrease in HV0.1 values occurring during isochronal annealing can be divided into two stages. At lower 

annealing temperatures, the HV0.1 values decrease only moderately with increasing annealing temperature, 

nevertheless, a significant reduction of microhardness is achieved during this stage. This reduction is more 

pronounced in materials after 4 ECAP passes for both alloys. During the second stage, a steep drop of 

HV0.1 associated with full recrystallization was observed in all materials. The onset of this stage depends 

both on the number of ECAP passes and on the presence of Zr. While the increasing number of ECAP 

passes displaces the onset of the recrystallization stage to lower temperatures, the addition of Zr displaces it 

to considerably higher temperatures. The lowest temperature of the onset of recrystallization stage (~ 300 
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°C) was found in the material without 

Zr after 4 ECAP passes, the highest 

one (~ 450 °C) was found in the Zr-

containing alloy after 1 ECAP pass.  

The light microscopy clearly 

confirms (Fig. 5) that after annealing 

to 550 °C the microstructure is fully 

recrystallized with newly formed 

grains. The impact of initial rolling 

during TRC is still apparent in the 

materials processed only by one 

ECAP pass; however the grains are 

more equiaxed as compared to the 

initial state after ECAP. While the 

grain size is slightly smaller in the 

Zr-free material after ECAP, the final 

grain size after annealing up to 

550 °C is much higher in the Zr-free 

material.  

 

  

  

 

 

Fig. 5 The light optical micrographs of the alloys after annealing up to 550 °C: the Zr-free alloy after 1 (a) and 

4 ECAP passes (b), the Zr-containing alloy after 1 (c) and 4 ECAP passes (d) 

Fig. 4 The evolution of Vickers microhardness (HV0.1) for both 

materials (Al-alloy and Al+Zr-alloy) during isochronal annealing up to 

550 °C 
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4.  DISCUSSION  

Similarly to other Al-based alloys, the addition of zirconium has a positive effect on microstructure stability 

and enhances the microhardness also in the Al-Mn-Fe-Si alloy. Tiny coherent Al3Zr precipitates with the 

average size of 10 nm successfully inhibit the grain boundary migration at lower temperatures. This can be 

demonstrated by the evolution of Vickers microhardness: the recrystallization temperature of the Zr-

containing alloy was displaced to higher values by approximately 50 °C in the material processed by 4 ECAP 

passes and even by 100 °C in the material after 1 ECAP pass. 

The equal channel angular pressing introduces deformation into the material. After one pass the 

microstructure contains sub-micrometric subgrains with high dislocation density. Further ECAP passes 

causes dynamic recovery of the matrix and creation of smaller subgrains or grains with much lower 

dislocation density as compared to the material after 1 pass. Thanks to higher stored deformation energy the 

materials after 4 ECAP passes exhibit higher initial values of Vickers microhardness. The stored deformation 

energy is connected with the driving force for recovery and recrystallization. Thus the continuous drop of 

HV0.1 at the first stage of annealing resulting form recovery is steeper and recrystallization which is 

responsible for the HV0.1 reduction in the second stage starts at lower temperatures for the materials 

subjected to 4 ECAP passes. 

5.  CONCLUSION  

The addition of zirconium to the AA 3003 alloy and the annealing at 450 °C lead to precipitation of fine Al3Zr 

particles. These precipitates enhance significantly the recrystallization resistance of the alloy during 

annealing at high temperatures and reduce the grain growth. The ECAP results in a significant reduction of 

the grain size.  
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Abstract  

This contribution is aimed at characterisation of thermo-physical properties and microstructure of chosen 

non-ferrous alloys based on magnesium. The influence of inoculant addition and thermal expose on 

dilatometric behaviour of castings prepared from Mg-Al alloys is also determined. Simultaneously, the 

influence of metallurgical treatment of a casting sample prepared by gravity casting method on 

microstructure is also evaluated. 

Keywords: magnesium alloy, casting, microstructure, thermal expansion 

1. INTRODUCTION 

Magnesium based alloys are ranged among the lightest structural materials. Thanks to it they are ranged, 

together with titanium alloys, among materials distinguishing with high specific strength that is expressed by 

the strength to mass density ratio. For that reason the questions are very prospective materials that are 

subject of interest of a number of industrial branches. In this regard the composite materials or plastics can 

compete with them. From the point of view of castings manufacture following advantages, besides high 

specific strength, are counted among the most important properties: 

 good running ability that can be improved in combination with pressure casting, 

 good shielded weldability, 

 possibility of using the high machining speeds. [1] 

A disadvantage of magnesium alloys is considerable magnesium activity in particular to oxygen. This fact 

complicates melting and pouring itself of these alloys when it is necessary to use special inhibitors, covering 

fluxes or protective atmosphere. From the point of using the castings from those alloys a steep decrease of 

strength under increased temperatures (above 120 °C) is especially important. This behaviour limits their use 

for thermally stressed parts (e.g. cylinder heads, engine blocks). For those applications the alloys of the Mg-

Al-Sr or Mg-RE types were developed. 

From this point of view the so called thermal stability of the alloy is also important. The work pays attention 

particularly to the thermal stability of Mg-alloys that was evaluated with the aid of dilatometric analysis and 

under the influence of metallurgical interventions (inoculation) on these studied parameters. 

2. PROPERTIES AND THE USE OF MAGNESIUM ALLOYS 

2.1  Magnesium alloys for foundry use  

Foundry alloys are binary systems completed with other alloying additions for the purpose of improving the 

technological and mechanical properties, corrosion and heat resistance etc. Basic systems are Mg-Al, Mg-

Zn, Mg-Mn and Mg-Li that can be further on completed with other accompanying elements as Zr, Th, Si, Ti, 

rare earth metals (RE) etc. From the point of view of evolution the alloys of the Mg-Al type alloyed with other 

metals as e.g. Zn, Mn, Si, Sr, etc. are the oldest and most frequently used ones. With aluminium content 

above 7 wt.% the castings from these materials can be thermally treated when they are precipitably 
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hardened with the formation of a precipitate of the Mg17Al12 phase. The Mg-Mn type alloys have particularly 

higher shrinkage and a worse running ability but they have a better corrosion resistance and they are 

weldable. Structure of castings from those alloys is rather coarse-grained what negatively influences the 

achieved mechanical properties that are rather low ones. This effect can be partly eliminated with a small 

addition of silicon. A similar effect has zircon that is used in amount of 0.25 ÷ 0.7 wt.% and it considerably 

improves the strength characteristics of alloys of the Mg-Zn type. In those materials a similar effect has also 

the use of RE. These additives considerably extend the application field of these alloys for heat stressed 

parts (about 300 °C). The Mg-Zn-Zr-RE alloys have for instance the creep resistance better than refractory 

aluminium alloys with achieving lower mass density [2] From the point of view of evolution the Mg-Li alloys 

are the youngest type characteristic with very low mass density of 1.3 ÷ 1.5 g·cm-3. It decreases with growing 

Li content and at the same time the mechanical properties are decreasing too. A problem of these materials 

is their high reactivity in molten state, low creep resistance, and unstability of mechanical properties under 

room temperatures. [3] 

2.2  Influencing the structure of magnesium alloys  

Mechanical properties to a considerable extent are influenced by structure and possible defects or internal 

inhomogeneity of the material. This can be influenced by the choice of the alloy or by proposed technological 

process of castings manufacture. The best strength properties achieve the castings poured in metal moulds 

that can be additionally improved by e.g. the use of pressure or low-pressure casting process. An intensive 

heat transfer from the solidifying casting into those moulds results in fine grained structure and a high quality 

surface. Then in case of pressure casting the resulting product can contain a number of internal cavities for 

the reason of volume changes or the presence of gases in the mould cavity. A special casting process in a 

liquid-solid state is also used at present when thixotropic properties of this phase are utilized. Then the result 

is high quality structure with high strength characteristics and excellent internal quality of castings without 

porosity. With the casting in expendable moulds made from moulding mixtures or in ceramic moulds the 

structure is coarse grained for the reason of a lower cooling effect. This can be partly eliminated by a 

suitable choice of materials with a higher heat conductance. But the most effective is a possibility of adding a 

suitable element or a combination of them when a number of effective crystal nuclei is increased. Then the 

result is a similar structure as of castings poured in moulds with high cooling effect. This effect called 

inoculation is commonly used for aluminium alloys when particularly the elements Ti, B, Ag, RE, Sc, Zr, etc. 

are used. In case of magnesium alloys the use of e.g. Zr, Si, FeCl3 or MgCO3 having a similar effect can be 

found in works by authors from abroad [4]. As one of the most important elements the carbon can then serve 

in a form of various organic or inorganic compounds. In industrial conditions the C2Cl6 compound is 

commonly used what results in obtaining fine grained structure of sufficient quality. It is possible to find also 

other utilization of carbon compounds in a form of Al4C3 carbides [5]. The effect of individual inoculants will 

be evident in dependence on the used alloy type. Works by inland authors [2] aimed at metallurgical 

treatment of the most frequently used foundry alloy AZ91 were published in recent years. An important 

influence of sodium on fine grained structure of the basic solid solution and eutectics has been proved. Then 

a question remains - to find its optimum amount.  

3. EXPERIMENTAL PART 

3.1  Description of used magnesium alloys  

The experiment was aimed at checking the influence of the inoculant addition on achieved microstructure 

(grain refinement) and material properties. Four grades of magnesium alloys of the Mg-Al type were chosen 

for this purpose. They were in particular the alloys marked according to the ASTM standard as AZ91, AM60, 

AMZ40 and AJ62 chemical composition of which is given in Table 1. The AZ91 and AM60 alloys are ranged 

among quite common foundry alloys destined particularly for manufacture of castings by gravity or pressure 
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casting. The AMZ40 alloy was patented in 2006 by the DaimlerChrysler AG company as a material destined 

for pressure casting of interior castings in automobile design. Very low mass density given by a low content 

of basic alloying elements - aluminium, manganese, and zinc - is an advantage. Strontium as an additive 

element in content of 0.2 ÷ 3.0 % increases the creep resistance and similarly as the RE it improves running 

ability of magnesium alloys. Castings from the AJ62 alloy used in the experiment show very good strength 

properties under increased temperatures, low porosity share and at the same time very good running ability 

[6]. This material finds continuously more frequent applications particularly in manufacture of cast parts used 

in conditions where they are thermally stressed. As typical examples of using the AJ62 alloy they are e.g. 

castings of engine cylinder heads and other engine parts in automobile applications thermally stressed to 

operating temperatures (200 ÷ 250 °C) [7]. For that reason they can serve as a cheaper alternative of 

magnesium alloys alloyed with RE that show a higher heat resistance but they are considerably more 

expensive. 

Table 1 Chemical composition of used magnesium alloys 

alloy 
element (wt.%) 

Zn Al Si Cu Mn Fe Ni Ca Be Sr 

AZ91D 0.56 8.80 0.06 0.004 0.20 0.004 0.001 0.000 0.001 0.00 

AM60 0.07 5.78 0.03 0.001 0.33 0.003 0.001 0.000 0.001 0.00 

AMZ40 0.14 3.76 0.02 0.001 0.34 0.003 0.000 0.000 0.001 0.00 

AJ62 0.01 5.78 0.04 0.001 0.35 0.003 0.001 0.008 0.001 2.92 

3.2  Casting of test samples  

Magnesium alloys were melted in an electric resistance furnace in a metal crucible from low alloy steel. 

Magnesium alloys are highly reactive thanks to high magnesium affinity to oxygen. For that reason the 

material was treated during melting with an agent of a trade mark EMGESAL. This material in a form of 

covering and refining flux serves for limiting the alloy oxidation and for cleaning the melt from possible 

inclusions. Test samples for evaluation of structure and thermophysical properties were cast in a metal 

mould from cast iron. At the same time these castings served for evaluation of thermomechanical properties 

of the mentioned alloys. Results were published by the authors [8] and they are not a subject of this 

contribution. During casting of individual samples both temperature of the metal mould and casting 

temperature too were observed. For the reason of achieving a sufficient running ability of the material and 

increasing its life time the mould was preheated to operating temperature (450 °C  30 °C). Casting 

temperatures and operating temperatures were kept in a narrow range for as high as possible limitation of 

influence of different cooling effect. A part of castings from individual alloys was metallurgically treated with 

the addition of an agent of a trade mark EMGESAL MG T200 that has a function of an inoculant and 

obtaining the fine grained structure and the growth of mechanical properties are expecting results. 

4. ACHIEVED RESULTS 

4.1  Microstructure of test castings 

Microstructure of magnesium alloys was studied on casting samples for checking of inoculation influence. In 

spite of the fact that the mould was kept on operating temperature its high cooling effect was evident in some 

cases. Fine grained structure occurs on the edges of test castings that were in contact with the mould 

material. Microstructure of the AZ91 alloy without the inoculant addition is evident on Fig. 1. Structure is 

formed by the α+β eutectics with the occurrence of the Mg17Al12 tabular precipitate. In case of this alloy 

inoculation (Fig. 2) an increased amount of the precipitation phase can be observed. In the AM60 alloy (Fig. 

3) there is evident a considerable effect of inoculation. In comparison with the AZ91 alloy there is a lower 
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content of the Mg17Al12 precipitate and eutectics in structure. Microstructure achieved with the addition of the 

inoculant (Fig. 4) is considerably finer grained with clearly evident grain boundaries. In case of the AMZ40 

alloy (Figs. 5 and 6) and the AJ62 alloy (Figs. 7 and 8) the effect of inoculation wasn’t perceivable on the 

obtained structure. From the chemical point of view the AMZ40 alloy contains very low amount of alloying 

elements what is perceivable on structure that is formed in particular by the α primary phase and the 

eutectics without the presence of precipitates. On the contrary very different structure is represented by the 

AJ62 alloy where besides the basic α solid solution altogether 3 types of intermetallic phases - (Al,Mg)4Sr, 

Al3Mg13Sr - and a very low amount of Mn5Al8 can be found. 

  

Fig. 1 Non-inoculated material AZ91 Fig. 2 Inoculated material AZ91 

  

Fig. 3 Non-inoculated material AM60 Fig. 4 Inoculated material AM60 

  

Fig. 5 Non-inoculated material AMZ40 Fig. 6 Inoculated material AMZ40 

  

Fig. 7 Non-inoculated material AJ62 Fig. 8 Inoculated material AJ62 
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4.2  Dilatometric analysis of test samples 

Heat expansion of the material (linear changes) is usually characterized by a mean temperature coefficient 

(coefficient of linear expansion) - equation (1): 
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where: 

 αT - coefficient of linear heat expansion 

 lT0 - sample length under reference (e.g. laboratory) temperature 

 dl - change of the sample length 

 dT - difference in temperatures 

Linear heat expansion was measured on above described samples with the Netzsch DIL 402C/7 dilatometer. 

Experiments ran in the temperature interval of 20 ± 5 °C up to 350 °C with heating and cooling rate of 

15.0 K/min with holding time of 30 min at maximum temperature (isotherm) in protective argon atmosphere 

(99.9999 % Ar) with constant gas flow of 20 ml/min. The size of used samples was as follows: mean length 

of 20 mm and mean diameter of 6 mm. Samples of non-inoculated (marked as name of sample - non) and 

inoculated materials (marked as in) were divided into 2 groups. The first group was used in the as cast state 

without previous heat stressing and the second one after heat stressing them (250 °C/30 min) in the argon 

atmosphere for checking the influence of increased temperature during stressing the castings in real 

conditions. This parameter is very important from the point of view of using those materials for heat stressed 

cast parts e.g. of driving gears of cars. Table 2 contains results of measurements of the coefficient of linear 

heat expansion (αT) for the chosen temperature interval (20 ± 5 °C up to 350 °C) including the greatest 

change of length under temperature of 350 °C (max l350°C). The table gives resulting values for samples 

without heat stressing (Tlab) and after heat stressing (250 °C/30 min) - T250. 

Table 2 Resume of thermophysical parameters of Mg alloys obtained using dilatometric analysis 

Specimen 
Tlab T250 

max l350°C (%) αT x 10-6 (K-1) max l350°C (%) αT x 10-6 (K-1) 

AZ91 non 0.97 29.6319 0.96 27.7702 

AZ91 in 0.97 28.8887 0.92 27.3736 

AM60 non 0.97 28.7385 0.86 26.2843 

AM60 in 0.91 26.2465 0.87 26.0252 

AMZ40 non 0.93 28.2639 0.63 18.1402 

AMZ40 in 0.58 17.3364 0.58 17.1782 

AJ62 non 0.98 28.8727 0.86 26.1917 

AJ62 in 0.62 18.1686 0.58 17.5744 

It is evident from the measured values that the studied quantities were close connected with metallurgical 

treatment of the melt - the addition of inoculating agent. The highest value of the coefficient of linear heat 

expansion (29.6319 x 10-6) was obtained for the AZ91 alloy without inoculant addition, for the sample in the 

as cast state without following heat stressing. On the contrary the lowest value (17.1782 x 10-6) was 

achieved for the sample of the AMZ40 alloy after heat stressing. Very low values of studied parameters were 

also achieved for samples of the AJ62 alloy. This fact confirms the suitability of this alloy for manufacture of 

heat stressed castings, e.g. engine parts. It can be stated that after the chosen heat stressing that served as 

a partial imitation of heat stress in practical applications the αT has decreased. At the same time the 

inoculation effect was reflected in considerable decrease of values of studied quantities. 
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5. CONCLUSION 

In the work the magnesium alloys were studied that are destined for foundry applications. An influence of the 

inoculant addition on microstructure and thermophysical properties was studied in particular. This 

metallurgical intervention had a positive influence on decreasing the value of the coefficient of linear heat 

expansion. This parameter is important from the point of view of using the parts in heat stressed 

applications. The inoculant addition also positively influenced the structure of cast samples. Structure was 

finer grained and thus the higher utility properties of products from alloys treated in such a way can be 

expected. Next works will be aimed at the influence of an inoculant kind and cooling effect of the mould on 

the studied quantities. 
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Abstract 

Magnesium is an essential element for human organism that works as a cofactor for some enzymes, 

participates in DNA or RNA synthesis and support bone growth. Mechanical properties, such as density and 

modulus of elasticity, are close to that of bones. Therefore, magnesium is considered as a suitable element 

for manufacture of biodegradable implants. The main insufficiency of Mg and Mg-based alloys is still too high 

corrosion rate, which mean that Mg-based implant are degraded or lose necessary mechanical properties in 

human organism before the tissue is sufficiently healed. Different methods can be used to increase corrosion 

resistance in body fluid, such as suitable alloying especially by Rare Earth Elements (REE), modification of 

structure by mechanical or thermal treatment and different surface treatment. In this study, mechanical and 

corrosion properties of pure magnesium, AZ31 and WE43 magnesium alloys in the as-cast state and 

wrought condition were studied. Both alloys are considered as candidates for production of implant 

materials. The as-cast states of studied alloys were characterized by significantly improved mechanical 

properties compared to pure magnesium and these properties were further improved by processing of the 

as-cast alloys. Based on the both mechanical properties and corrosion resistance, WE43 alloy seems the 

most prospective material for medical applications. 

Keywords: magnesium, biodegradable materials, mechanical properties, corrosion resistance 

1. INTRODUCTION 

Magnesium alloys are suitable candidates for biodegradable medical implants, such as fixation devices for 

fractured bones or stents [1]. Such materials can be gradually dissolved and absorbed in organism without a 

production of toxic compounds [2]. Magnesium is an essential element for human organism and plays an 

important role in many biological processes. However, high demands are required in the case of mechanical 

properties and corrosion resistance of possible Mg-based biodegradable materials. In this case, magnesium 

alloys possess good mechanical properties, such as tensile and compressive yield strength, ultimate tensile 

and compressive strength, elongation or modulus of elasticity that is very close to that of bones which also 

support good healing process [1, 2]. The main problem of magnesium and its alloys is quite poor corrosion 

resistance. Excessive corrosion rate leads to the higher hydrogen release and pH increase. Both 

phenomena significantly affect healing process near the implant [2-4]. 

Alloying with Al and rare earth elements (REE) can improve the mechanical properties and also corrosion 

resistance of magnesium alloys [5-7]. Therefore, structure states, mechanical properties and corrosion 

behaviour of pure Mg, AZ31 and WE43, both in the as-cast and wrought state were investigated in this work. 

The selected materials have already been the subject of research and are considered as possible 

candidates for biodegradable materials [8-10]. The aim of this work was to directly compare the properties of 

studied alloys and find the relation between structure conditions, mechanical and corrosion properties. 

mailto:kubasekj@vscht.cz
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2. EXPERIMENTAL 

In this work, we studied structures, mechanical and corrosion properties of pure Mg, AZ31, WE43 in the as-

cast state and also AZ31 in the wrought state and WE43 in the wrought state in combination with 

subsequent T5 thermal treatment. Alloys were prepared in Magnesium Elektron. To ensure comparable state 

of the as-cast materials, rods with 20 mm in diameter and 150 mm high were prepared by remelting obtained 

ingots in induction furnace under protective argon atmosphere and casting the melt into the brass mould. 

Alloys in the as-cast state are designated as AZ31 F and WE43 F, alloys in the wrought conditions are 

designated as AZ31 E and WE43 E. Chemical composition of studied materials determined by XRF is 

showed in Table 1. The structures of alloys were observed by SEM (Tescan Vega 3 LMU). Phase, chemical 

composition and surface morphology were studied by energy dispersion spectrometry (Oxford Instruments 

Inca 350) and XRD (X’Pert Philips, 30 mA, 40 kV, X-ray radiation Cu Kα). Structure studies were 

supplemented by Vickers hardness measurements with loading 5kg (HV5). Tensile tests were carried out on 

rods with 10 mm in diameter and 100 mm in length on Lab Test 5.250SP1-VM. Corrosion behaviour was 

studied using electrochemical measurements. Both potentiodynamic tests and electrochemical impedance 

spectroscopy (EIS) were performed in physiological solution (PS) containing 9 g/l NaCl at initial pH 6.5 and 

at 37 °C. Prior to all test specimens were grinded to a P4000 SiC papers followed by rinsing in ethanol and 

drying in warm air. The ratio between sample surface area and volume of physiological solution was set on 

50 ml/cm2. A potentiostat in a standard three electrode setup was used. The sample with the shape of a 

cylinder with 10 mm in diameter and 15 mm in high, platinum wire and argentochloride electrode were used 

as working, counter and reference electrode, respectively. Electrodes were exposed to the PS solution for 30 

min before the first potentiodynamic and EIS measurements. The cathodic polarization curves were obtained 

at a scan rate of 1 mV/s with a potential range from Eocp (open circuit potential) to - 0.5 V vs Eocp both at 

the beginning and at the end of 24 hour immersion test. EIS measurements were carried every hour during 

24 hour immersion test. The signal amplitude of sinusoidal potential was 10 mV and a scan frequency 

ranged from 50 kHZ to 0.025 Hz. The EIS results were than fitted by Gamry Elchem Analist software. All 

experiments were repeated in order to obtain a good reproducibility. 

Table 1 Chemical composition of the studied materials (wt.%). 

wt.% Y Nd Gd Dy Zr Al Zn Mn Cu Fe Ni Si Mg 

Mg - - - - - - <0.01 - <0.01 0.002 - 0.01 99.99 

WE43 4.0 2.3 0.48 0.25 0.42 - - 0.01 0.002 0.001 - 0.01 bulk 

AZ31  -  - - -  - 3.1 0.79 0.24 <0.01 0.002 0.0006 0.01 bulk 

3. RESULTS AND DUSCUSSION 

3.1  Structure and mechanical properties 

Structures of the as-cast Mg, WE43 and AZ31 and wrought WE43 and AZ31 alloy are shown on Fig. 1. Pure 

magnesium was consisted of elongated grains with about 300 - 500 μm in thickness and 1 - 1,5 mm in 

length. Structure of the as-cast WE43 alloy (Fig. 1b) contained primary α-Mg dendrites with about 25 μm in 

diameter and interdendritic eutectic phase. Interdendritic phase contained 3.8 at.% Y, 5.6 at.% Nd, 0.1 at.% 

Zr, about 0.05 at.% of both Gd and Dy and 90.5 at.% Mg. Interdendritic particles were quite small; therefore, 

EDS analysis were partially influenced by surrounding α-Mg. However, the Nd/Y ratio implies that the 

particles correspond to the ternary Mg14Nd2Y phase [11, 12]. EDS analysis showed a relatively high 

concentrations of alloying elements, particularly Zr, dissolved in the α-Mg dendrites. The concentrations of Zr 

and Y in the cores of α-Mg dendrites were 0.5 and 0.3 at.%, respectively. Nd was preferentially concentrated 

in intermetallic phases and at dendrite adges where its concentration was about 0.5 at.%. On the contrary, 

the concentration of Nd in dendrite cores was about 0.03 at.% and also Gd and Dy concentration was lower 

than 0.02 at.%. The structure of WE43 in the wrought condition and after T5 heat treatment (Fig. 1c) 
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consisted of large equiaxed grains with about 80 μm in diameter. Majority of secondary phases was 

dissolved during thermo-mechanical processing and dendritic microsegregation disappeared. The average 

concentration of alloying elements was 1 at.% for Y, 0.35 at.% for Nd, 0.07 at.% for Gd, 0.05 at.% for Dy and 

0.2 at.% for Zr. Some small intermetallic phases that occurred sporadically in the structure contained high 

amount of Y and remained in the structure both at grain boundaries and inside the grains. These phase 

contained about 16 at.% of Y and 1.5 at.% of Nd and corresponds to the Mg24Y5 phase [13]. Structure of the 

as-cast AZ31 alloy (Fig. 1d) contained primary α-Mg dendrites and interdendritic eutectic phase with about 

25 at.% of Al, 5 at.% of Zn and 0.02 at.% of Mn which correspond to the Mg17Al12 [13]. The alloy was 

characterized by obvious dendritic microsegregation. The concentration of Al ranged from 1 to almost 5 at.% 

for Al and from 0.15 to 0.45 at.% for Zn for dendrite cores and dendrite edges respectively. AZ31 in the 

wrought state was characterized by homogenous structure with average Al, Zn and Mn concentration 2.91, 

0.34 and 0.4 at.% respectively. Only at some areas small Mg17Al12 phases which were ranked in the direction 

of extrusion were observed (Fig. 1e). 

   

  
Fig. 1 Structure of studied materials (SEM): A) Mg, B) WE43 F, C) WE43 E, D) AZ31 F, E) AZ31 E 

Mechanical properties were studied by Vickers hardness measurements and tensile tests. All investigated 

materials were characterized by higher hardness values and also higher tensile yield strength (TYS) and 

ultimate tensile strength (UTS) compared with pure Mg (Fig. 2). This is considered for three main reasons:  

1. All materials were characterized by finer structure compared to the pure Mg in the as-cast state. 

Therefore, Hall-Petch (H-P) strengthening mechanism cause increase in the TYS, UTS and also HV5. This 

also significantly improved the mechanical properties of wrought AZ31 which was characterized by the 

average grain size about 10 μm.  

2. All alloys contained some amount of alloying elements in the α-Mg which improved the mechanical 

properties by solid solution strengthening mechanism. This contribution is assumed especially in the case of 

wrought WE43 because in this state, alloy contained high amount of alloying elements in α-Mg and majority 

of secondary phases that were observed in the as-cast state were dissolved during processing of WE43. 

Due to the fact that this alloy was also after the T5 treatment, some very small precipitates that are not 

observable using SEM can be presented in the structure. These precipitates can cause increase in hardness 

and TYS or UTS of WE43 which is denoted as 3. strengthening by secondary intermetallic phases. In the as-
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cast state, both AZ31 and WE43 contained intermetallic particles in the structures which also improved the 

hardness, TYS and UTS values compared to the pure Mg. During processing routes of AZ31 and WE43, 

secondary phases were partially dissolved to the α-Mg and recrystallization took place. Therefore the 

mechanical properties of both wrought alloys are preferentially affected by Hall-Petch (H-P) strengthening 

and solid solution strengthening mechanisms. 

  
Fig. 2 Tensile properties and hardness of studied materials 

3.2  Corrosion behaviour 

Fig. 3 shows the cathodic polarization curves and Niquist spectra of studied materials measured at the 

beginning of immersion test (solid lines) and after 24 hours of immersion in physiological solution (dashed 

lines). Data obtained by EIS were fitted by equivalent circuits that are showed on Fig. 4. The most important 

date obtained from both polarization curves and EIS measurements are shown in Table 2.  

It can be seen from Fig. 3 that AZ31 F and AZ31 E were both at the beginning of exposure and after 24 

hours of immersion characterized by higher values of corrosion potential compared to the pure Mg. In this 

case, aluminium and zinc are much nobler metals than magnesium [14], and therefore, they shift the 

corrosion potential to more positive values compared to the pure Mg. Also the corrosion potential of WE43 F 

alloy was at slightly higher values compared to the pure Mg; however, the corrosion potential of the wrought 

WE43 E alloy was even lower compared to the pure Mg. For all studied materials, the corrosion potential 

increased during 24 hour immersion test which is connected with the formation of the corrosion products 

containing Mg(OH)2 on the surface [15]. Corrosion current densities that were determined by the 

extrapolation of Tafel region are very similar and they also do not provide useful information about 

differences in the corrosion rates of studied materials. The reason can be in the curved cathodic branch of 

polarization curves which does not allow the exact extrapolation of Tafel region and also significantly 

deteriorate the estimation of corrosion current density. Cathodic curves represent the cathodic processes on 

the surface of alloy during corrosion processes which are dominated by hydrogen evolution. Therefore, 

higher current densities at cathodic branches are connected with higher hydrogen release. In this case pure 

Mg, and WE43 in the wrought condition should be characterized by the lowest corrosion rates. On the 

contrary, AZ31 in both states were much less corrosion resistant. 

Fig. 3 also illustrates the Niquist spectra of studied alloys at the beginning and at the end of 24 hour 

immersion test. Based on the alloy, obtained spectra are characterized by the capacitive arc at high 

frequencies, capacitive arc in medium frequencies and inductive loop in low frequencies. Capacitive arc in 

high frequencies is attributed to charge transfer resistance (RCT) and double layer capacitance (Cdl) at the 

interface of solution and the surface of material. Capacitive arc in middle frequencies results from the effects 

of surface film and Cf and Rf also represent the capacitance and resistance of corrosion products. Due to the 

depressed semicircles, constant phase elements CPEdl and CPEf were used to model obtained spectra 
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instead of Cdl and Cf respectively (Fig. 4). The inductive loop is associated with the formation, adsorption and 

desorption of corrosion product on the surface [16]. L and RL are designated as inductance and 

corresponding resistance respectively. RS represents the solution resistance between the reference 

electrode and working electrode.  

RCT and Rf are the most important values because they represent corrosion resistance of material. Based on 

the fitting results WE43 E is characterized by the highest RCT and Rf and also the highest corrosion 

resistance from studied materials (Table 2). On the contrary, RCT and Rf values for WE43 F were significantly 

decreased compared even to the pure Mg. In the case of AZ31 F and AZ31 E only circuit with one time 

constant has been selected and obtained RCT values corresponds to the lowest corrosion resistance of the 

AZ31 alloys in both states. During 24 hour immersion test RCT and RF was increased for all materials. This is 

connected with the formation of corrosion products layer on the surface and it agrees well with the shifts of 

corrosion potentials during immersion test to more noble values. Obtained results showed that except WE43 

E all studied alloys dissolved faster than the pure Mg. This can be partially connected with the presence of 

more noble intermetallic phases in the structure which acts as cathodic sites and increase the corrosion rate 

of α-Mg [7]. Such phases were observed especially in the as-cast alloys. On the contrary, majority of such 

phases were dissolved in WE43 E. This means that the influence of microgalvanic cell is partially 

suppressed. Moreover, Y and other RE elements are known to be able to accumulate in the corrosion 

products and increase the protective character of formed surface layers [17]. This effect is probably 

supported by higher concentration of these elements in α-Mg. 

Table 2 Data obtained from polarization curves and Niquist spectra after immersion of specimens in 

physiological solution for 24 hours 

  polarization curves EIS 

  Ecor [V] jcor [mA/cm2] RCT [Ω·cm2] Rf [Ω·cm2] 

Mg -1.68 4x10-5 2436 1877 

AZ31 F -1.57 4x10-5 837  

AZ31 E -1.58 8x10-5 844  

WE43 F -1.64 8x10-5 1178 309 

WE43 E -1.76 5x10-5 3765 2418 

  

Fig. 3 Potentiodynamic curves and Niquist spectra of studied alloys. (Solid lines correspond to the state at 

the beginning of exposure and dashed lines correspond to the state after 24 hour immersion in physiological 

solution.) 
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Fig. 4 Three equivalent circuit models used for the characterization of EIS data. Models were used as 

follows: a) for pure Mg and WE43 E, b) for WE43 F, c) for AZ31 F and AZ31 E 

4. CONCLUSION 

In present work mechanical properties and corrosion resistance of pure Mg, AZ31 and WE43, both in the as-

cast and wrought condition, were studied. All alloys in the wrought and also as-cast condition were 

characterized by significantly improved mechanical properties compared to the pure Mg. Corrosion 

resistance of both AZ31 and WE43 in the as-cast state was very pour compared to the pure Mg. On the 

contrary, the results confirmed that WE43 in the wrought condition was characterized by the highest 

corrosion resistance. Structure conditions, especially occurrence of intermetallic phases are considered as 

the main reason responsible for differences in measured corrosion rates. 
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Abstract 

There is a general hydrogen conception to overcome unstable production of electric energy from renewable 

resources, such as wind-power or solar-power plant. This conception consists in generation of hydrogen by 

using water electrolysis and its storing. However, there is a problem, how to store huge amount of hydrogen 

in a small volume. In this work, we performed water electrolysis to store nascent hydrogen in the form of 

magnesium alloys. Magnesium was alloyed by nickel, copper, zinc, cobalt and rare earths to improve kinetics 

of hydrogen absorption. Ingots of Mg-based alloys were prepared by vacuum induction melting. These were 

cut into thin coupons and electrochemically hydrided in KOH solution at 80 °C for 480 min. The structures 

and phase compositions of both as cast and hydrided alloys were investigated by optical and scanning 

electron microscopy and by X-ray diffraction. Hydriding parameters for investigated alloys were measured by 

glow discharge spectrometer. The influence of doping transition metals on the ability of Mg-Ni-based alloys 

to absorb hydrogen was evaluated. 

Keywords: Mg-based alloys, electrochemical hydriding, glow discharge spectrometry, rare earth metals 

1. INTRODUCTION  

Hydrogen is considered to be a promising energy carrier especially for mobile applications. Simultaneously, 

hydrogen can serve as an agent for storage of the energy from renewable sources. It is the way how to 

overcome the production of hydrogen from fossil fuels which causes CO2 release. However, the 

inaccessibility of safe, simple and cost-effective method of hydrogen storage limits the exploitation of 

hydrogen economy. 

Storing hydrogen in the form of metallic hydrides seems to be promising due to the advantageous properties 

such as stability, safeness and easy handling. Magnesium-based hydrides have been taken great efforts in 

last two decades because magnesium is light, relatively inexpensive and capable to absorb up to 7.6 wt.% of 

hydrogen in the form of MgH2. However, pure magnesium suffers from poor thermodynamics and slow 

kinetics of both hydrogenation and dehydrogenation. MgH2 desorbs hydrogen very slowly if the temperature 

is below 573 K [1]. After the hydride layer is formed, MgH2 prevents further diffusion of hydrogen into the 

material. Therefore the formation of MgH2 is practically impossible in the bulk of pure magnesium [2]. Many 

efforts have been made to improve the hydrogenation characteristics of magnesium, including alloying with 

appropriate elements (Ni, Co, Al, Cu, La, Ce, Nd) [3-6], addition of transition metals oxides [7], mechanical 

alloying (MA) [8], preparing fine nanocrystalline or amorphous structure [9] and others. 

Preparing hydrides by reaction of Mg-based alloys with gaseous hydrogen is the most common method [10]. 

However this method often requires elevated temperatures and high pressures of pure hydrogen. In addition 

the ball milling of Mg-based alloys is widely employed process to obtain better hydriding characteristics [11] 

Therefore the synthesis of hydrides from metallic powder is expensive and dangerous. 

In this work we present an alternative method of synthesis of hydrides - electrochemical hydriding. This 

method does not need any gaseous hydrogen and does not require high temperatures. The principle of 

electrochemical hydriding is electrolysis of a water solution, where the magnesium alloy serves as a cathode. 

mailto:Vitezslav.Knotek@vscht.cz
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In this case the atomic hydrogen directly enters the structure and could generate hydrides. Our study is 

focused on electrochemical hydriding of various as-cast Mg-Ni-based alloys containing transition metals (Co, 

Cu and Zn) and rare earths (RE) that are known to positively affect hydrogen absorption. The structure and 

electrochemical hydriding efficiency of Mg-based alloys are characterized to identify the influence of alloying 

elements on the ability of Mg-based alloys to absorb hydrogen, when electrochemical hydriding is employed. 

2. EXPERIMENT 

In this work, three ternary Mg-Ni-M (M = transition metals Cu, Zn or Co) and one ternary Mg-25Ni-6Mm (Mm 

= mischmetal containing 45 % Ce, 38 % La, 12 % Nd and 4 % Pr) alloys (Table 1) were investigated. All 

concentrations in this paper are in units of wt.%. Table 1 shows that all investigated alloys contain 

approximately the same magnesium content. It means that ternary alloys were produced by nickel 

substitution with other element. The alloys were prepared by melting in a vacuum induction furnace under 

argon protective atmosphere. Cylindrical ingots of alloys of 100 mm in length and 30 mm in diameter were 

prepared by pouring the melt into a brass mould. The ingots were cut to thin samples of 0.5 mm in thickness. 

Surface of samples was treated by grinding on P180-P2500 abrasive papers before electrochemical 

hydriding tests. Pre-treated samples were immediately put into electrochemically hydriding cell. 

Table 1 Chemical composition of hydrided magnesium alloys 

Alloy 
Element (wt.%) 

Ni Zn Cu Co Mm 

Mg-26Ni-6Zn 26.1 5.5 - - - 

Mg-26Ni-6Cu 26.4 - 6.0 - - 

Mg-27Ni-5Co 27.3 - - 4.9 - 

Mg-25Ni-6Mm 25.1 - - - 5.7 

Samples of alloys for electrochemical hydriding were connected to a DC source as a cathode. The platinum 

electrode was placed opposite to the hydriding side of sample and used as anode. Electrochemical hydriding 

was carried out in 6 mol/l KOH solution at 80 °C. The current density was maintained at 100 A/m2. Hydriding 

time was 480 min. 

Hydrogen concentration profile in hydrided alloys was determined by glow discharge spectrometer (GD 

Profiler 2). Due to the fact that hydriding was performed in a strongly alkaline bath, formation of magnesium 

hydroxide and/or complex hydroxide surface layers could be expected. In order to minimize the influence of 

such layers on results of hydrogen profile analysis, oxygen was also analyzed to determine the exact 

position of hydroxide/metal interface. The GDS analyzer was calibrated with respect to MgH2. Sputtering rate 

was determined by measurement of surface profile after analysis. 

Structure and phase composition of the as-cast and hydrided alloys were studied by the light microscope 

(Olympus PME-3), the scanning electron microscope (Tescan Vega 3) equipped by EDS analyzer (Oxford 

Instruments) and X-ray diffraction analyzer (XRD, X´Pert Pro). 

3. RESULTS AND DISCUSSION 

3.1 Structures of alloys 

Light micrographs of investigated alloys are illustrated in Fig. 1. Every alloy exhibits hypereutectic 

composition and very similar structure, because Zn, Cu, Co and Mm are present particularly in eutectic 

mixture. It means that alloys are formed by light sharp-edged crystals which correspond to Mg2Ni phase and 

by eutectic mixture with distinct composition. In the case of the Mg-26Ni-6Zn alloy (Fig. 1a) the eutectic is 
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formed by -Mg and Mg2Ni phases (dark) where zinc is in the form of solid solution. The eutectic mixture 

(dark) of the Mg-26Ni-6Cu alloy (Fig. 1b) is composed by -Mg and Mg2Ni phases too. EDS analysis 

indicated that copper is preferentially dissolved in the Mg2Ni phase. Against copper, cobalt does not form 

solid solution. In the case of Mg-27Ni-5Co alloy, the eutectic is dominated by mixture of -Mg, Mg2Ni and 

MgCo2 phases (Fig. 1c). The eutectic in the microstructure of Mg-26Ni-6Mm alloy (Fig. 1d) is formed by -

Mg, Mg2Ni and Mg12Mm phases. 

  

  

Fig. 1 Microstructures of investigated alloys (light microscope) a) Mg-26Ni-6Zn, b) Mg-26Ni-6Cu, c) Mg-

27Ni-5Co, d) Mg-25Ni-6Mm 

It is observed that in all investigated binary and ternary alloys, there are relatively significant volume fractions 

of eutectic structures. These structures are very fine. It means there is a high area of phase boundaries 

which represent efficient paths for hydrogen diffusion in materials. 

3.2 Hydrogen concentration 

After GDS hydrogen analysis we obtain hydrogen profile for each alloy. In each profile, it can be determined 

the maximum hydrogen surface concentrations and the hydrogen penetration depths. From the profiles, it 

can be calculated the total mass of absorbed hydrogen, which is dependent on a course of hydrogen profile. 

Fig. 2 shows the measured hydrogen profiles of investigated alloys. Table 2 summarizes hydriding 

parameters obtained from these profiles including the maximum hydrogen concentrations present on the 
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alloy surface, the hydrogen penetration depths and the total mass of hydrogen absorbed in the alloys during 

hydriding. Values of the last parameter in Table 2 are seemingly small, but it should be taken into account 

that hydrided volumes are very small. 

 

Fig. 2 Hydrogen concentration profiles of investigated alloys 

Table 2 Hydriding parameters: the maximum hydrogen concentrations on the alloy surface (Cmax), the 

hydrogen penetration depths (X) and the total masses of hydrogen absorbed in the alloys (m) after 

electrochemical hydriding 

Alloy Cmax (wt.%) X (m) m (g) 

Mg-26Ni-6Zn 0.8 80 75 

Mg-26Ni-6Cu 1.0 60 60 

Mg-27Ni-5Co 1.5 100 158 

Mg-25Ni-6Mm 0.7 100 156 

The maximum values (the maximum hydrogen surface concentration and total mass of absorbed hydrogen) 

of the hydriding parameters are obtained for the Mg-27Ni-5Co alloy. The comparison with the Mg-25Ni-6Mm 

revealed that the maximum hydrogen surface concentration is more than twice higher. However the total 

mass of hydrogen absorbed in the Mg-25Ni-6Mm is almost the same as for the Mg-27Ni-5Co. This 

observation could be explained by the faster decreasing of H-concentration towards the alloy interior in the 

case of alloy with cobalt (Fig. 2), while the alloy with mischmetal behaves in different manner - the maximum 

surface hydrogen concentration (Cmax) is the same in the depth of 20 m and then starts gradually decrease. 

Both cobalt and mischmetal addition, into Mg-Ni-based alloy, support the hydrogen absorption, but in 

different way. Cobalt maximizes the maximum hydrogen concentration on the surface; therefore it probably 

supports hydrogen formation. The presence of mischmetal evidently decreases Cmax parameter. On the other 

hand, Mm probably support inward hydrogen diffusion, while does not participate in formation of hydrides 

(lower maximum surface concentration). 

The data shown in Fig. 2 and the hydriding parameters in Table 2 indicate that Cu and Zn negatively 

influence the electrochemical hydriding performance. The Mg-26Ni-6Cu and Mg-26Ni-6Zn alloys have lower 
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hydriding parameters than the others. For this reason, Zn and Cu addition are not suitable for supporting the 

electrochemical hydriding process. 

3.3 Phase composition after hydriding 

After electrochemical hydriding of investigated alloys the XRD analyses were carried out. The main hydriding 

product detected by XRD analyses, in all of investigated alloys, was MgH2 binary hydride. It is surprising that 

no ternary or more complex hydrides, such as MmH3, Mg2MmNiH7, Mg2NiH4 and other which are often 

detected after hydriding in gaseous hydrogen at high temperatures and pressures, were found. The one 

exception is Mg-27Ni-5Co alloy. We determined small amount of ternary Mg2NiH4 hydride by careful analysis 

of the pattern corresponding to the Mg-27Ni-5Co alloy. The presence of Mg2NiH4 is probably connected with 

the best hydriding efficiency in the case of Co-containing alloy, because hydrogen diffusion proceeds faster 

in this ternary hydride than in the binary MgH2 phase. Therefore cobalt seems to be convenient doping 

element to enhance the electrochemical hydriding efficiency of Mg-Ni based alloys. 

4. CONCLUSIONS 

The results of this work show that the electrochemical hydriding of Mg-based alloys is a promising approach 

to simplify hydrogen storage. The electrochemical hydriding performance of as-cast Mg-based alloys strongly 

depends on the alloying elements when the structural compositions are very similar. In other words, the 

volume fraction of eutectic is almost the same in all of the investigated alloys. The alloying elements had the 

following effects on electrochemical hydriding: 

1. Copper and zinc: Both elements influence the electrochemical hydriding performance negatively. The 

surface concentration of hydrogen and the total mass of absorbed hydrogen are lower than for the 

alloys with Co and Mm. 

2. Mischmetal: The mixture of rare-earth metals has a positive effect on the electrochemical hydriding of 

Mg-Ni alloys in terms of maximizing the total mass of absorbed hydrogen. Mm probably supports 

inward hydrogen diffusion, but does not affect the formation of hydrides. 

3. Cobalt: The alloy with Co addition (Mg-27Ni-5Co) achieved the best hydriding parameters. The 

maximum hydrogen concentration on the surface reached 1.5 wt.% of hydrogen. Cobalt probably 

changes the mechanism of hydriding, because, apart from MgH2, XRD analyses revealed the 

presence of ternary Mg2NiH4 hydride. 

Having identified the alloys with the most potential for electrochemical hydrogen storage, our next study will 

be devoted to designing cathodes for these alloys that are capable of storing high amounts of hydrogen and 

energy. 
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Abstract  

The goal of this study is determination of utilization of cores based on inorganic materials without negative 

impacts on environment in gravity casting technology of Mg-alloys. The contribution includes analysis of 

preparation and treatment of these cores and their influence on quality, structure and properties of casting 

samples with regard to surface defects of castings. Experimental data obtained in this work can be also used 

in other casting technologies of Mg - alloys.  

Keywords: inorganic salt cores, magnesium alloys, surface quality, solubility 

1. INTRODUCTION 

For pre-casting the holes and cavities the core mixtures based on organic resins (e.g. PUR COLD-BOX etc.) 

are used as a standard at present. Rapid and easy sand preparation with regard to large lot production of 

castings (automobile industry), good shootability, high primary strengths, good collapsibility, easy and 

unpretentious reclaimability are their characteristic features. As the questions are organic materials that 

under the influence of thermal destruction are split up to more simple organic compounds the use of them is 

connected with deterioration of hygienic and environmental conditions of foundry production. Therefore the 

modified inorganic binders are getting in the limelight. Their use isn’t connected with negative impacts on 

living and working environment while technological parameters of molding mixtures are comparable with 

organic binders. We are talking about so called “Renaissance” of inorganic binders [1]. One of progressive 

technologies for preparations of molding mixtures (cores) is the utilization of cores based on inorganic salts 

for pre-casting of cavities and holes in non-ferrous alloys (in particular Al - alloys). 

1.1  Salt cores technology  

Foreshadowing of using the cores based on inorganic salts goes back to the 70th of last century. To be 

extended this idea waited 20 years when in the 90th the cores from crystalline salts began to be mass used 

in large lot production of Diesel engine pistons by gravity and low-pressure casting methods. They are made 

by a method of high-pressure compacting of crystalline salts, by casting or high-pressure injecting of salt 

melts in core boxes or by utilization of “classic” foundry technologies of cores preparation - by shooting the 

salt matrix with inorganic (organic) binder [2, 3, 4, 5]. After 2003 (International Foundry Fair GIFA, 

Düsseldorf) the manufacture of cores tended towards the utilization of salt solutions of sand cores or high-

pressure compacting particularly of NaCl in a solid crystalline state. New technologies, as e.g. BEACH BOX, 

HYDROBOND [6, 7] are appearing. In particular the high primary strengths comparable with common core 

mixtures (PUR CB) [8], dimensional accuracy and smoothness of castings, a possibility of pre-casting the 

holes that are mechanically cleanable with difficulties are the common elements of individual technologies 

using inorganic salts for manufacture of cores. In addition to it the cores show a good benchlife without 

moistening. Cores can be produced in a closed ecological cycle; salt removed (elutriated) from the casting 

cavity is crystallized from the solution (brine) and it is usable for next manufacture of cores. An ecological 

character of the technology is accentuated by a fact that during casting, cooling, and solidification of castings 

mailto:jaroslav.beno@vsb.cz
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the salts emit no VOCs emissions. Properties of salt cores for individual casting process can be further on 

modified and optimized by the change of preparation conditions (heights of compacting pressures, shooting 

temperature etc.), by the base matrix composition (the type of salt, of the additive), etc. 

All the manufacturing technologies of cores based on inorganic salts are applicable for manufacture of 

castings from Al - alloys (gravity and low-pressure process of casting); an intensive research of applying the 

salt cores for the high-pressure casting technology is running at present [8]. These light alloys commonly 

used as constructional materials can be replaced by other materials with high strength to low mass density 

ratio, e.g. Mg - alloys [9]. 

1.2 Magnesium alloys 

The lowest mass density from all constructional materials, high specific strengths, good castability suitable 

even for high-pressure technologies of casting, good shielded weldability, and better machinability than Al - 

alloys are generally the main advantages of magnesium and magnesium alloys. Steep decrease of strength 

under increased temperatures (above 120 °C), low creep resistance caused by an increasing Al volume 

amount, and a low elasticity modulus, high degree of solidification shrinkage, and in some applications a low 

corrosion resistance are disadvantages of Mg - alloys [10, 11, 12]. Those properties are decisive for using 

the casting from these alloys for thermally stressed parts in automobile design - engine blocks and cylinder 

heads. Thus the castings from aluminium alloys or Mg - alloys alloyed with rare earth metals or with 

strontium with higher resistance to increased temperatures continue to prevail in these applications. 

In spite of attractive properties the Mg - alloys casting is connected with a number of problems caused by 

high magnesium affinity to oxygen. For that reason it is necessary to use of special additives (inhibitors) 

protecting the melt flow against oxidation. Sulphur or its compounds, boric acid or urea based additives 

belong in the most frequently used inhibitors. The mechanism of the inhibitor’s effect consists in decreasing 

the oxygen potential of the mold atmosphere, in forming the protective atmosphere on the casting surface 

preventing the further oxidation without negative influencing of magnesium alloy quality.  

Besides the fact that the sulphur based inhibitors form the protective atmosphere they act as a refining agent 

during casting when they penetrate through the melt and settle down on the ladle bottom. With regard to the 

chemical nature of individual inhibitors it is evident that casting of magnesium alloys is also connected with 

deterioration of quality of working and living environment as a result of compounds liberated during the 

interaction of the melt - inhibitor system in the oxidizing atmosphere (SO2, NH3 etc.).  

A prevailing technology of manufacture of castings from magnesium alloys is casting in metal molds - 

pressure casting, low-pressure one and partly gravity casting. Recently the methods are applied aiming at 

achieving higher internal quality of cast parts. Then the material treatment in a semisolid state - thixotropic 

casting (Thixocasting) prevails here. For pre-casting of less complicated holes the metal cores can be 

utilized. For single-part production the use of expendable molds from molding mixtures or casting in ceramic 

or plaster molds all the time is and in the future probably will be the most frequently used process. As 

molding or core mixtures for casting the magnesium alloys a whole range of binder systems can be used as 

well as bentonite molding mixtures that are counted among the most frequently used binder systems. With 

regard to high reactivity of magnesium alloys and the presence of water in the mixture it is necessary to add 

an inhibitor in the molding mixture itself too. During complex physical and chemical processes running in the 

mold during casting, cooling, and solidification of castings accompanied with formation of a number of 

compounds in a different oxidizing degree (e.g. sulphur) the deactivation of the bentonite binder can be 

expected resulting in a decrease of mechanical properties of molding mixtures, particularly of tensile strength 

in a water condensation zone and of other parameters of the molding mixture too (e.g. pH). 

This contribution is aimed at checking the possibilities of using the cores based on inorganic salts for the 

technology of gravity casting of chosen Mg - alloys in the bentonite bound moulding mixture. The emphasis 
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is particularly laid on technological properties of salt cores (mechanical strengths, dimensional accuracy, 

cores solubility and surface quality of the casting from the core). Further on the influence of the added 

sulphur based inhibitor on chemical properties and mechanical strengths of the bentonite bound moulding 

mixture (the deactivation degree) is studied. 

2. MATERIALS AND METHODS 

For the experiments Mg alloy AZ91 (up to 1 wt.% of Zn, 9 wt.% of Al) was used. This alloy was poured into 

sand mixture (bentonite molding mixture) which consist of 91 % silica sand ŠH 35Š, 4.5 % soda activated 

bentonite, 5 % inhibitor based on sulphur and appropriate amount of water which assured the constant 

compactibility 46 ± 2 % using MK 00 sand mill. The experiments were carried out in two temperature regimes 

under oxidizing atmosphere, at 800 °C and 700 °C, respectively (determination of pouring temperature 

influence on casting quality from Mg alloys) with average thermal stress 9.3:1 (mold/metal ratio)..  

For the tests salt cores based on chemically pure KCl (marked N - no additive) and mixture of KCl with 

additives were applied. The additives (marked A, B) were used to improve a mechanical strength of cores 

and its heat resistance to obtain high surface quality of testing castings. Cores were prepared using high 

compacting pressure method (100 and 200 kN, marked 1 and 2). A mildly moistened salt is compacted 

under high pressure. The cores are then strengthened by a way of mechanical deformation of grains 

(conglomeration) and by recrystallization along the grain boundaries. Then, the qualities of salt cores were 

evaluated by bending strength, density, seeming porosity m, core solubility and casting surface quality 

determination. Bending strength was measured using multifunctional testing machine LFV 100, Walter + Bai 

ag company, Switzerland 

Methodology of salt core solubility was suggested to simulate real conditions in foundry technology. Salt 

cores were dissolved under the stream of water (temperature 22 ÷ 27 °C, flow rate 2.5 l/min) up to loosing of 

core from the testing casting. Casting surface quality was assessed by mean arithmetic roughness Ra [m] 

determination. Mean arithmetic roughness was measured using testing machine Mitutoyo SurfTest SJ-301 

Further, casting surface quality, especially surface details, was also evaluated using stereomicroscope 

Olympus SZX12 with ARTCAM 300MI card. The quality of bentonite molding mixtures was evaluated by 

determination of general technological parameters. The samples of bentonite molding mixtures were 

prepared by 5 min homogenization of the mixture. The prepared mixtures were processed into the standard 

cylinders (Ø 50 mm, height 50 mm) to obtain the samples for determination of technological parameters - 

compression, splitting and wet tensile strength. Compression and splitting strength was measured using 

testing machine WADAP the LRU-1 type, wet tensile strength was measured using testing machine +GF+, 

the SPNF type. Cone Jolt Toughness was calculated as compression and splitting strength ratio. It is a good 

tool to evaluate the ability of the prepared molding sand to resist breakage (toughness). Optimal value of 

Cone Jolt Toughness is over than 22 %. Moisture was determined under temperature of 105 °C up to 

constant weight and pH was evaluated at water suspension of mixture (1:10 ratio). From the obtained results 

influence of sulphur inhibitor on bentonite molding mixture properties can be suggested. 

3. RESULTS AND DISCUSSION 

3.1 Mechanical properties of salt cores 

Mechanical properties of cores prepared by high-pressure compacting of crystalline salts (chemically pure 

KCl and KCl with 2 kinds of additives, 15 % concentration) were evaluated on cores of a square (22.3 x 22.3 

mm) cross section. Testing of mechanical properties (bending strength) was aimed at measuring the cold 

strength that is necessary for cores manufacture and handling, so called primary strength. Mean strength 

characteristics of salt cores are summarized in Table 1.  
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Table 1 Bending strength of tested salt cores  

Sample KN1 KA1 KB1 KN2 KA2 KB2 

Bending strength [MPa] 6.35 8.901 7.868 5.995 11.164 11.410 

Note.: N - core without additive, A, B - additives; 1 - compacting pressing force 100 kN, 2 - compacting 

pressing force 200 kN  

Bending strengths of salt cores with different basic matrix considerably exceed (ca 2 ÷ 3 times) the strength 

characteristics of commonly used cores (e.g. PUR COLD - BOX), and namely even in case of cores without 

additives that increase the resulting strength. In addition to it there is also evident the effect of the influence 

of the pressing force on resulting bending strength. With growing pressing force the primary bending strength 

of the core is growing too. Maximum values were determined for cores with additives KA2 (11.164 MPa) and 

KB2 (11.41 MPa) that were compacted with maximum compacting pressing force (200 kN). 

3.2 Molding mixture and inhibitor agent influence 

For the purpose of decreasing the high affinity of magnesium alloys to oxygen the protective gases and 

covering fluxes are commonly used in mixtures. In case of using the bentonite bound molding mixture it is 

necessary to add agents with similar effect also in the mixture itself in consequence of present water. 

During thermal exposure to which the mixture is exposed by liquid and afterwards by cooling metal the 

bentonite binder is thermally degraded, it loses its plastic properties and so called “dead” bentonite is 

forming. The degradation degree then depends on the heat stress of the mold (usually defined as the 

mould/metal ratio).  

This fact is enforced by the inhibitor presence in the mixture, sulphur was used for experiments that in 

different oxidation degree deactivate the bentonite binder what would result particularly in decrease of tensile 

strength in water condensation zone [14].  

The above mentioned assumptions were studied by the determination of basic mechanical parameters of the 

moulding mixture (Table 2) and pH (Fig. 1) in a raw state (STANDARD) and after pouring (700 °C and 800 

°C, marking BMM700 and BMM800). After drawing the casting from the mould an average sample was taken 

by quartering from the mixture, forming water was added for keeping the constant compactibility and the 

given mixture properties were measured again. It can be expected that with growing casting temperature the 

individual properties of the moulding mixture will decrease as a result of increased thermal exposure. 

Table 2 Main technological parameters of bentonite molding mixtures  

Sample 
Compactibility Moisture 

Compression 

strength 

Splitting 

strength 

Cone Jolt 

Toughness 

[%] [%] [kPa] [kPa] [%] 

STANDARD 47.00 1.56 71.33 15.00 21.03 

BMM700 48.00 2.01 71.33 21.67 30.38 

BMM800 47.00 2.04 63.33 24.33 38.41 

It is evident from the mechanical strength values that no important changes of bentonite molding mixture 

became; strength in the graft has mildly increased only in consequence of higher water content. 

Considerable changes of the molding mixture or the bentonite binder can be found in the values of tensile 

strength in the water condensation zone and pH that are susceptible to the presence of acid materials 

decreasing the alkaline character of the mixture (Fig. 1). 
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Fig. 1 Wet tensile strength and pH of bentonite molding mixture samples  

Under the influence of growing thermal exposure (casting temperature) and the presence of the acid inhibitor 

the mixture pH and tensile strength in the water condensation zone in particular are decreasing from 4.4 kPa 

(STANDARD) to 3.3 kPa (BMM800). 

3.3 Unlocking cores from castings/core solubility 

Solubility of cores from samples of test castings was tested with the methodology described above. The 

cores were easily removable, the „decoring“ time ranged within an interval of 1:00 min (K1B1) up to 1:58 min 

(K2A1) and no direct relation between the salt matrix composition, casting temperature of the alloy (thermal 

stress), and the pressing force intensity was found. 

3.4 Surface quality of the testing samples (castings) 

Surface quality of castings (Table 3) from the cores was evaluated in the as cast state, it ranged in the 

interval from 5.91 up to 25.63 m what suggests about high surface quality. The influence of additives 

became evident; their presence improved the smoothness of the casting surface. The lowest value of mean 

arithmetic roughness (5.91 mm) has been determined for the additive A prepared with maximum pressuring 

force (200 kN). Generally it is valid that with growing pressing force the core porosity is decreasing what 

reduces a possibility of metal penetration and thus the final casting surface is a smoother one. 

Table 3 Surface quality of testing castings 

Sample K1A1 K1N1 K1B1 K1A2 K1N2 K1B2 K2A1 K2N1 K2B1 K2A2 K2N2 K2B2 

Mean arithmetic 

roughness Ra [m] 
8.43 14.46 8.57 17.54 26.31 12.4 25.63 18.94 16.51 5.91 21.5 14.88 

Note: KXYZ: K - KCl, X - number of sample; Y - additive: N - salt without additive, A, B - salt with additives; Z 

- compacting pressure, 1 - 100 kN, 2 - 200 kN 

In case of combination of salt cores for magnesium alloys it is necessary to ensure good degassing of the 

mould for the reason of intensive gas evolution in particular during casting which results in a number of 

surface defects of castings.  
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4. CONCLUSION 

This contribution has been aimed at checking the possibilities of using the cores based on inorganic salts for 

casting of magnesium alloys. In common practice there is known the application of salt cores for precasting 

of cavities and holes for Al - alloys by gravity and low-pressure casting methods. 

In the framework of the experiment a negative influence of the sulphur based inhibitor on properties of the 

bentonite bound molding mixture was further on checked. This influence is important in the unit bentonite 

mixture technology. In consequence of the presence of the acid inhibitor or its compounds the tensile 

strength in the water condensation zone and the mixture pH are decreasing what can result in a number of 

surface defects of castings (e.g. rat tails). Then the considerable change of properties of the bentonite 

molding mixture further on worsens a possibility of optimal control of the mixture for manufacture of molds. 

The cores based on inorganic salts showed high primary strengths (2 - 3 times higher than the commonly 

used PUR COLD-BOX mixtures), they were easily removable from the precast cavities (ca up to 2 min) and 

surface quality from the cores of test castings was sufficient too.  

From the point of view of chemical nature of used molds, cores, and the inhibitor, of chemical processes 

running during pouring and cooling of the casting, it is necessary to ensure sufficient exhausting of gases 

from the mold cavity in order to ensure high casting quality 
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Abstract 

Surface layers containing intermetallic phases were fabricated on an Mg substrate by heating the Mg 

specimens in contact with the Al+Zn powder mixture at 445 °C in a vacuum furnace. The layers were 

produced from 80 wt.% Al+20 wt.% Zn and 60 wt.% Al+40 wt.% Zn powder mixtures. The microstructure and 

composition of the layers were analyzed by optical microscopy, scanning electron microscopy and energy 

dispersive spectroscopy. The examination results showed that the layers consisted of Mg17(Al,Zn)12 and 

Mg5Al2Zn2 intermetallic phases and a solid solution of Al and Zn in Mg. The microstructure of the layers was 

dependent on the content of Zn in the diffusion powder mixture, the higher the amount of Zn in the powder 

mixture, the higher the content of the Mg5Al2Zn2 phase in the layer microstructure. Alloyed surface layers had 

much higher hardness than the Mg substrate.  

Keywords: magnesium, Mg-Al-Zn intermetallic phases, surface layer, microstructure, hardness 

1. INTRODUCTION 

The use of magnesium and its alloys in structural elements is growing rapidly, which is due to such 

properties as low density, high strength-to-weight ratio, high thermal conductivity, and good formability. Mg 

alloys have already started replacing steel, aluminium and many conventional metal alloys in aerospace, 

automobile, electronics and biomedical applications [1]. Unfortunately, magnesium is also known to have 

some undesirable properties, including low corrosion and wear resistance, but these can be modified to an 

advantage using surface engineering techniques. There are a large number of coating methods available to 

protect magnesium and its alloys, a critical review of which is presented in [2].  

A relatively new and promising technique is surface alloying of Mg with Al by diffusion coating. In this 

process, a layer containing Mg-Al intermetallic phases forms on the surface of Mg as a result of the reaction 

and diffusion between the substrate and the outside source of diffusion elements. The methods used to 

fabricate Al-enriched layers include: heating the components in contact with Al powder in an inert 

atmosphere [3-6], electro-deposition in molten aluminium chloride with subsequent heat treatment [7], 

diffusion coating in molten salts [8-11], and cold spray coating combined with heat treatment [12-13]. Recent 

studies, e.g. [14-18] show that it is possible to obtain alloyed layers containing Mg-Al-Zn intermetallic phases 

on an Mg substrate, for instance, by heating the specimens in contact with the Al+Zn powder mixture. The 

papers report that alloyed surface layers containing Mg-Al or Mg-Al-Zn intermetallic phases can improve both 

the corrosion and wear resistance of magnesium alloys. 

The aim of the present study was to form thick and continuous alloyed layers containing Mg-Al-Zn 

intermetallic phases on pure magnesium. The layers were fabricated by heating the Mg specimens in contact 

with Al+Zn powder mixtures in a vacuum furnace at 445 °C. The examinations focused on microstructure 

and microhardness analysis. 
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2. EXPERIMENT 

2.1. Layer fabrication 

Pure magnesium (99.9 % Mg) was selected to be the substrate material. The samples (20x20x10 mm) were 

cut from an ingot, ground with 600 grit SiC paper and cleaned using ethanol. The Al/Zn-enriched layers were 

produced from Al powder (with the diameters of the particles ranging from 5 to 20 μm) mixed with Zn powder 

(the particle size being in the range 50 μm to 120 μm). Glycerol was added to the Al+Zn powder to obtain a 

dense paste ensuring better contact with the substrate. The specimens painted with the paste were 

embedded in a dry Al+Zn powder mixture in a steel container. Then, the powder was pressed down and the 

container was closed and placed in a vacuum furnace. During the heat treatment process, a pressure of 1 

MPa was used to ensure good contact between the source of diffusion elements and the Mg substrate. The 

specimens were heated up from room temperature to 450 °C for 30 min, kept at that temperature for 60 min, 

cooled down in the furnace to 150 °C for 2 h, and finally taken out to the air. Two powder mixtures were used 

in this experiment: 80 wt.% Al+20 wt.% Zn and 60 wt.% Al+40 wt.% Zn. The same preparation and heat 

treatment procedures were used for both powder mixtures. 

2.2. Test methods 

After heat treatment, the specimens were sectioned, placed in cold setting acrylic resin (VariDur 200) and 

prepared for microscopic analysis with a STRUERS automatic polishing machine. The final polishing was 

performed using a 0.02 μm colloidal silica suspension. The preparation of the specimens for the OM and 

SEM examinations did not include etching. The structure analysis was conducted using a Nikon ECLIPSE 

MA 200 optical microscope and a JEOL JMS-5400 scanning electron microscope. The chemical composition 

of the specimens was studied by means of an Oxford Instruments ISIS 300 EDS spectrometer. The 

microhardness of the layers was investigated using a MATSUZAWA MMT Vickers (HV0.1) hardness tester. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows OM images of the cross-sections of the Mg specimens in contact with the Al+Zn powder 

mixtures heat treated in a vacuum furnace at 445 °C for 60 min. The microstructure of the layer obtained 

from the Al+20 wt.% Zn powder mixture is shown in Fig. 1(a). The layer is about 600 μm in thickness. The 

layer presented in Fig. 1(b) with a thickness of approximately 900 μm was produced by heating the Mg 

specimen in contact with the Al+40 wt.% Zn powder mixture. 

Fig. 2 shows high magnification SEM images with marked points of chemical composition analysis by EDS. 

The microstructures of the layers produced on the Mg substrate from the Al+20 wt.% Zn and Al+40 wt.% Zn 

powder mixtures are shown in Figs. 2(a) and (b), respectively. Table 1 lists the results of the quantitative 

analysis. Both layers have a microstructure with three main regions: the grey phase areas, the eutectic areas 

consisting of the light and dark phases, and the dark phase areas. The chemical composition analysis 

indicates that the grey phase (marked as A on Figs. 2(a) and (b)) contains more Al than the light and dark 

phases. The chemical composition of this phase is similar to that of the Mg17Al12 phase. It is assumed that 

some of the Al atoms in the Mg17Al12 phase have been replaced by Zn atoms; thus, the phase can be 

defined as Mg17(Al,Zn)12 [19]. The chemical composition of the light phase (marked as B) is similar to that of 

the ternary φ phase. It has the nominal formula Mg5Al2Zn2 or Mg6(Al,Zn)5, with the composition varying as 

follows 53 ÷ 55 at.% Mg, 18 ÷ 29 at.% Al, and 17 ÷ 28 at.% Zn [20]. The dark phase (marked as C) is the 

phase richest in Mg. The EDS analysis shows that this phase is a solid solution of Al and Zn in Mg. The 

eutectic areas generally have a fine eutectic structure, which is a mixture of Mg5Al2Zn2 and a solid solution of 

Al and Zn in Mg with some coarser-grained zones composed of these two phases. As shown in Figs. 1(a) 

and (b), there is a 20 ÷ 30 μm zone of a solid solution of Al and Zn in Mg between the alloyed layers and the 

Mg substrate. 
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Fig. 1 OM images of the cross-sections of the Mg specimens after heat treatment at 445 °C for 60 min 
produced from: (a) Al+20 wt.% Zn powder mixture, (b) Al+40 wt.% Zn powder mixture 

The microstructure analysis of the layers fabricated from the two powder mixtures suggests that the higher 

the amount of Zn in the powder mixture, the greater the content of the Mg5Al2Zn2 phase in the alloyed layers 

and the smaller the grey phase areas. Another observation is that the layers produced from the Al+40 wt.% 

Zn powder mixture were much thicker than those fabricated from the Al+20 wt.% Zn mixture, with the heating 

time being the same in both cases. 

  

Fig. 2 SEM images of the microstructures of the alloyed layers on Mg specimens fabricated from: (a) the 
Al+20 wt.% Zn powder mixture, (b) the Al+40 wt.% Zn powder mixture 

The formation of the alloyed layers containing Mg-Al-Zn intermetallic phases under the conditions described 

above may involve the following stages. The heating of the Mg specimens in contact with Al+Zn powder 

mixture at 445 °C resulted in the reaction at the Mg-substrate/powder mixture interface. The Al and Zn atoms 
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diffused into the Mg substrate. The concentration of Al and Zn in the top surface layer increased 

continuously leading to the formation of the Mg-Al-Zn phase with a low melting point (below 445 °C). The 

process was followed by partial melting at the interface between Mg and the powder mixture. When the 

specimens were cooled, the alloyed layer formed on the substrate surface by solidification. 

Table 1 Atomic ratios (at.%) of Mg, Al and Zn corresponding to the marked positions in Fig. 2 

Point Mg (at.%) Al (at.%) Zn (at.%) 

A1 61.81 32.22 5.97 

A2 62.17 32.64 5.19 

B1 54.62 22.75 22.63 

B2 54.77 21.58 23.65 

C1 91.21 6.66 2.13 

C2 91.40 5.98 2.62 

Vickers indenter traces in the alloyed layer fabricated from the 

Al+20 wt.% Zn powder mixture and in the Mg substrate are 

shown in Fig. 3. The microhardness values were about 210 HV, 

180 HV and 80 HV for the Mg17(Al,Zn)12 phase, the fine eutectic 

structure, and the solid solutions of Al and Zn in Mg, 

respectively. The microhardness of the Mg substrate was 36 HV. 

The microhardness of the Mg-Al-Zn phases in the alloyed layer 

was much higher than that of the Mg substrate. The high 

hardness of the surface layer is an indicator of good wear 

resistance. 

4. CONCLUSIONS 

The following are conclusions drawn from the study.  

1. The alloyed layers containing Mg-Al-Zn phases were 

fabricated by heating the Mg specimens in contact with 

the Al+Zn powder mixtures at 445 °C for 60 min.  

2. The layers were composed of Mg17(Al,Zn)12 and 

Mg5Al2Zn2 intermetallic phases and a solid solution of Al 

and Zn in Mg. A 20-30 μm zone of a solid solution of Al 

and Zn in Mg formed between the alloyed layers and the 

Mg substrate. 

3. The layers fabricated from the powder mixture containing 40 wt.% Zn had a structure similar to that 

obtained by using the Al+20 wt.% powder mixture; however, the content of Mg5Al2Zn2 in the former 

was significantly higher. 

4. The layers produced from 60 wt.% Al+40 wt.% Zn powder mixture were thicker than the layers 

produced from 80 wt.% Al+20 wt.% Zn powder mixtures. 

5. The microhardness of the alloyed layers containing Mg-Al-Zn intermetallic phases was much higher 

than that of the Mg substrate. 

 

 

 

 

Fig. 3 Indentations in the alloyed layer 
and the Mg substrate 
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Abstract  

Mechanical and chemical properties of magnesium and its alloys can be significantly improved by 

decreasing grain size which can be achieved by continuous or discontinuous dynamic recrystallization 

activated during hot deformation. The present work is focused on the study of the mechanism of dynamic 

recrystallization modifying the microstructure of Mg-4Zn and Mg-4Zn-0.4Ca alloys (in wt.%) during uniaxial 

compression at 240 °C with constant strain rate of 0.001 s-1 and three different final strains of 0.09, 0.3 and 

close to 1. Light microscopic and scanning electron microscopic analyses of the microstructures showed that 

the grains were gradually fragmented with increasing strain. As a result inhomogeneous structure is 

generally formed and it is constituted of fine dynamically recrystallized grains of several micrometres and 

coarse unrecrystallized initial grains. Besides, the deformation condition led to deformation-induced 

precipitation. To elucidate the main mechanism of dynamic recrystallization contributing to the grain 

refinement, the electron backscatter diffraction analysis was used. Preliminary results showed that the 

evolution of the microstructure was favourably influenced by Ca addition that evoked the formation of the 

second phase particles.  

Keywords: magnesium alloys, deformation, microstructure, recrystallization  

1. INTRODUCTION  

Magnesium and its alloys are promising engineering materials for application in transport industry or in 

medical field. The mechanical and chemical properties can be further modified by the addition of appropriate 

solutes as well as by reduction of their grain size [1]. 

Magnesium alloys containing zinc in combination with calcium represent beneficial combination of price and 

properties such as a relatively high strength, hardness, corrosion resistance. The role of zinc consists 

predominantly in increasing strength of Mg alloys [2, 3]. On the other hand, additions of calcium induce the 

grain refinement and usually result in precipitation during solidification and hot processing [4]. In addition, 

calcium can improve corrosion resistance due to the formation of an oxide layer [3]. Some studies [4, 5] have 

shown that Ca-doped Mg alloys can exhibit the comparable effects achieved by alloying with rare earth 

metals.  

Additional improvement of the properties of magnesium alloys can be attributed to refined grain size as well 

as to the existence of fine precipitates formed during hot deformation and heat treatment [6]. The grain 

refinement in various magnesium alloys can be achieved by dynamic recrystallization (DRX) activated at 

various thermo-mechanical processes such as torsion, uniaxial compression, extrusion or equal channel 

angular pressing [7]. The mechanism of dynamic recrystallization can be generally distinguished as either 

continuous or discontinuous. The continuous DRX (CDRX) is partly dynamic recovery process. The CDRX 

consists in continuous absorption of dislocations in low-angle grain boundaries (LAGBs) - subgrains - 

followed by the formation of new grains separated by the high-angle boundaries [8]. On the other hand, 

during discontinuous DRX (DDRX) new grains are formed usually by conventional nucleation and nucleus 

growth [8]. In addition, other mechanisms discussed in connection with deformation of magnesium alloys are 

twin-aided DRX (TDRX) [7, 9] or particle-stimulated nucleation (PSN) [10]. The mechanism of PSN, which is 

based on the existence of misorientation gradients around large hard particles during deformation, resulting 

mailto:hradilom@vscht.cz
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in the creation of new high-angle grain boundaries (HAGBs), has been studied in more detail in aluminium 

alloys [10]. Moreover, PSN mechanisms can lead to weakening of the deformation texture that can be also 

attractive feature for magnesium alloys [11]. Studies [12, 13] have shown that the presence of second-phase 

particles can more or less favourably influence the deformation behaviour of Mg alloys, depending on their 

size, spacing, fraction and the conditions of deformation [10]. 

As briefly outlined above, various mechanisms can be connected with the grain refinement during 

deformation of magnesium alloys. Thus, further research is necessary to better understand of DRX 

phenomena. The present paper describes refinement of microstructures of magnesium alloys during 

deformation at intermediate temperature with the aim to reveal the mechanism of DRX that takes place in the 

Mg-Zn-Ca alloy. 

2. EXPERIMENTAL DETAILS 

The alloys were prepared from pure Mg (~ 99.99 %) and Zn (~ 99.96 %), and a Mg10Ca (wt.%) master alloy 

by induction melting (Balzers VSG-02 vacuum furnace) in a carbon crucible under argon atmosphere and 

followed by casting into a steel mould. The chemical composition of the Mg-4Zn and Mg-4Zn-0.4Ca alloys (in 

wt.%) was verified by XRF analysis and it is summarised in Table 13. 

Table 13 The chemical compositions of the investigated alloys 

 
Zn 

(wt.%) 
Ca 

(wt.%) 
Al 

(wt.%) 
Si 

(wt.%) 
Fe 

(wt.%) 
Mn 

(wt.%) 
Ni 

(wt.%) 
Mg 

(wt.%) 

Mg-4Zn 3.71 0.03 <0.02 <0.03 <0.01 <0.02 <0.01 bal. 

Mg-4Zn-0.4Ca 3.65 0.41 <0.02 <0.03 <0.02 <0.01 <0.01 bal. 

The ingots were annealed 24 h at 340 °C, quenched into water and machined into cube (10 mm ×10 mm × 

10 mm) for compression tests (SCHENCK servohydraulic compression machine). The uniaxial compression 

(UC) tests were realized at 240 °C with three different final equivalent Von Mises strain about 0.09, 0.3 and 

close to 1 at constant strain rates 0.001 s-1. Before tests, samples were held at the process temperature for 

10 min. After UC tests, they were quenched into water to freeze microstructure for subsequent observation.  

The microstructures were observed by light microscope (Olympus GX51) and scanning electron microscope 

(Jeol JSM-6500F) equipped with an EBSD detector and evaluated by the HKL Channel 5 EBSD software. 

The samples were mechanically ground, polished and finally etched. For the electron back-scatter diffraction 

(EBSD) analysis, the samples were further electro-polished in a solution of orthophosphoric acid and ethanol 

(3:5) at a voltage of 2-4 V and etched for a few seconds in a solution of 10 ml of nitric acid, 30 ml of acetic 

acid, 40 ml of distilled water and 120 ml of ethanol. The linear intercept method was used for measurement 

of the grain size. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure evolution  

To describe the evolution of the microstructure of magnesium alloys, the compression tests carried out at 

240 °C were terminated at a strain of about 0.09 (i.e., before achieving the maximum stress), at a strain of 

0.3, after passing this maximum and at strain close to 1 (see the σ-ε curve in Fig. 14). Before deformation, 

the as-cast alloys were annealed 24 h at 340 °C to homogenize their structures. Besides, large precipitates 

(with various shapes and the size from units to tens of µm) with almost uniform dispersion were present in 

the case of the ternary alloy Mg4Zn0.4Ca. The average grain size of these annealed alloys was of about 100 

µm. 
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The small deformation (ε = 0.09) led to significant grain fragmentation via twins occurred in both alloys Fig. 

14 (a). These twins were heterogeneously distributed within the samples and appeared inside 30-40 % of the 

grains. The multiple twinning described in [7] also contributed to further grain fragmentation, as well as grain 

boundary serrations (Fig. 15(a)). 

After reaching the maximum stress at a strain of 0.3, 

the microstructure was still heterogeneous, but new 

fine grains were present in addition to twins (Fig. 15 

(b)). Let us to note that few fine grains were found in 

the vicinity of large precipitates (Fig. 15 (c)) in the 

ternary alloy. Moreover, in both alloys new fine 

precipitates were observed (Fig. 15 (c)) as well as a 

dense distribution of kinks at grain and twin 

boundaries. Highly heterogeneous structures were 

also reached in the case of a strain close to 1. A mix 

of fine and coarse grains formed bimodal structures 

where the recrystallized grains were concentrated 

along the original boundaries. Furthermore the 

deformation led to the strain localization 

predominantly in the case of binary alloy. In 

contrast, the imposed strain was more effectively 

distributed probably due to the presence of the large 

precipitates in the ternary alloy. 

3.2. Mechanism of dynamic recrystallization  

The mechanism of DRX was deduced on basis of analyses of inverse pole figure (IPF) and local 

misorientation (LM) maps provided by EBSD. Selected maps are shown in Fig. 16. In the present case the 

IPF map is related to compression direction (CD) and thus the normal axis of the basal plane is parallel to 

the compression loading direction in the case of the red colour (Fig. 16 (a)). In contrast, LM mapping can 

identify small orientation changes within the sample and highlight the regions of higher deformation. 

Nonetheless, this LM map enables us to relate local orientation changes to dislocation substructures such as 

dislocation walls or subgrain boundaries (indicated by the green colour in Fig. 16 (b)). An example of the 

formation of substructure is highlighted by the red arrow in Fig. 16 (b). It is necessary to note that the white 

colour indicates non-indexed points in both maps in Fig. 16. 

One of the evidence of the continuous DRX mechanism is that the microstructure consists of crystallites only 

partly separated by HAGBs [14]. As can be seen in the circle, there are grains with similar orientations (IPF 

map - Fig. 3 (a)), but they are only partly separated by HAGBs and LAGBs. Moreover, the LM map in Fig. 16 

 

Fig. 14 Measured stress-strain curves of the two 
magnesium alloys at 240°C and strain rate 0.001 s-1 

   

Fig. 15 Microstructures of Mg4Zn (a) and Mg4Zn0.4Ca (b, c) after UC at 240 °C with the strain rate of 0.001 s-

1 to ε = 0.09 and 0.3, respectively (LM, SEM) 
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(b) indicates that a majority of the new fine grains are not strain-free, which again support the idea of 

continuous dynamic recrystallization (CDRX) [15, 16]. In addition, the cumulative misorientation measured 

within the remaining grains is again connected with CDRX mechanism [9]. In the ternary alloy, crystallites 

were not fully separated by HAGBs and grains contained residual strains, as in Mg4Zn at the end of 

deformation. In addition, the presence of Ca did not change the final texture (Fig. 4) as could be expected 

from the presence of large precipitates and possible PSN mechanism. Consequently, the addition of 0.4 

wt.% Ca to Mg4Zn did not change the main DRX mechanism as in [17].  

Finally, fine precipitates 

formed during deformation 

could effectively contribute 

to transformation of LAGBs 

into HAGBs due to the 

pinning effect. As 

a consequence, the dis-

locations were continuously 

absorbed and the 

subgrains transformed into 

the grains without their 

growth by migration of HAGBs [14]. Thus the formation of fine precipitates also supports the process of 

continuous DRX. 

The obtained data suggest that the first grain fragmentation is connected with the formation of twins at 

beginning of deformation. Extensive initial twinning can be expected as a result of coarse initial grain size 

[18] and relatively low temperature of the deformation process [6]. Moreover the grains and twins boundaries 

are serrated due to the differences in dislocation densities [16]. The newly-formed kinks become attractive 

for further absorption of dislocations produced by increased imposed strain [19]. The rearrangement of 

dislocations by climb and their enhanced density will result in increasing misorientation of newly formed 

LAGBs and, consequently, in the formation of new recrystallized grains separated by HAGBs. Further 

imposed strain lead to progress of the recovery and recrystallization processes. At the end of the 

deformation, the twin boundaries are fragmented and the initial coarse grains are partly replaced by new 

DRX grains. The volume fraction of DRX was slightly higher in the ternary alloy (50 ÷ 60 %). 

 

Fig. 16 (a) IPF map and (b) LM map of Mg4Zn after UC at 240 °C with the strain rate of 0.001 s-1 and a 

final strain close to 1 

 

Fig. 17 Pole Figs.  of Mg4Zn ( a; max = 8.16) and Mg4Zn0.4Ca (b; max = 

5.5) alloys after uniaxial compression at 240 °C with the strain rate of 0.001 

s-1 and a final strain close to 1 (compression direction: CD) 
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4. CONCLUSION 

The evolution of microstructures during uniaxial compression of Mg-4Zn and Mg-4Zn-0.4Ca (in wt.%) 

magnesium alloys showed that coarse primary grains are gradually replaced by new fine recrystallized grains 

as a result of dynamic recrystallization. The process of DRX was accompanied by extensive twinning, 

serration of grain and twin boundaries and fine precipitation.  

The microstructural analyses revealed that primarily formed twins are continuously fragmented and new fine 

recrystallized grains are formed. The presence of large precipitates in the ternary alloy contributes to 

increasing number of sites for formation of new DRX grains. Because new grains are rarely found in the 

vicinity of large precipitates, the PSN mechanism can contribute to increasing the DRX volume fraction in the 

ternary alloy, although it plays a minor role in the evolution of microstructures. In addition, the volume 

fraction of DRX is increased in comparison with the binary alloy which is free of large precipitates.  

The microstructure evolution observed during compression of magnesium alloys at 240 °C was 

predominantly influenced by continuous DRX. The occurrence of this mechanism is further supported by the 

formation of fine precipitates during deformation of both alloys. However, neither the large precipitates nor 

the addition of Ca contribute to significant changes of in the main DRX mechanism and final texture. 

As the more advantageous material properties can be attributed to the refined grain size as well as to the 

presence of fine precipitates formed during hot deformation, these magnesium alloys represent interesting 

and prospective materials for further applications. 
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Abstract  

Acoustic emission and neutron diffraction has been used for investigation of twinning activity and internal 

stress in random textured polycrystalline magnesium. It has been shown that loading mode significantly 

influences the evolution of twins and activation of slip systems. Experimental data are in good agreement 

with results of Elasto-Plastic Self-Consistent (EPSC) modeling. 

Keywords: magnesium, acoustic emission, neutron diffraction, elasto-plastic self-consistent model 

1. INTRODUCTION 

Magnesium alloys are the lightest materials used for construction purposes. Their unique properties could be 

useful in many applications. However limited ductility caused by their hexagonal closed packed structure is 

one of the main restrictions. The critical resolved shear stress (CRSS) of the basal <a> slip is lower than for 

the prismatic <a>, pyramidal <a> and pyramidal <c+a> slip [1]. Von Mises rule requires five independent slip 

systems, but basal slip provides only two. Hence the von Mises rule is not fulfilled [2]. Consequently, the 

activation of  1012 1011  tensile twinning is necessary, which is only reasonable deformation mechanism, 

that can accommodate a strain along the crystallographic c-axis at room temperature [3]. 

Grains, whose are favorably oriented for twinning, have different orientation in tension and compression, 

respectively. Therefore the initial texture of the material and the loading mode significantly influence the 

twinning activation [4]. Major part of investigations is focused on the textured materials. Nevertheless, many 

effects can be studied only in texture free material, as it we did in the present study. 

The acoustic emission technique (AE) has been applied for study of deformation mechanisms in magnesium 

alloys for many years [5]. Recently, neutron diffraction method has been used simultaneously with AE 

technique for characterize twinning process [6-7]. Main advantage of both methods consists in providing 

real-time information about the deformation processes in the entire volume of the specimen. 

The twinning evolution in the random texture cast magnesium during tension and compression tests is 

discussed in the present paper. The experiment results are compared with the theoretical predictions of the 

Elasto-plastic self-consistent model [7].  

2. EXPERIMENTAL TECHNIQUE 

Cast polycrystalline magnesium with 1 wt. % Zr content was used for the experiment. Zirconium stabilized 

the grains size to the value of 110 m. The monotonic compression and tensile tests were performed at 

room temperature at a strain rate of 10-3 s-1. Standard neutron diffraction instrument MEREDIT (Medium 

Resolution Neutron Powder Diffractometer) with a vertical loading frame has been used for in-situ neutron 

diffraction measurements [8]. In order to collect the neutron diffraction pattern, mechanical loading of the 

sample was interrupted for about 6 hours at a constant level of applied strain.  

file:///C:/Users/konference/AppData/Local/Temp/jan.capek@centrum.cz
file:///C:/Users/konference/AppData/Local/Temp/mathis@met.mff.cuni.cz
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The diffraction patterns were collected between 4 and 144 2 with step of 0.08 and time per step of 210 

sec. Radial experimental geometry was used (i.e. the diffraction vector was perpendicular to loading axis), 

since it is more suitable in the case of conventional angular dispersive powder diffractometer (CADPD) at 

steady state neutron source when comparing to the TOF diffractometer. Each reflection of angular dispersive 

spectra measured in axial geometry on CADPD corresponds to different component of the strain tensor and 

the comparison of behavior of individual reflections might thus be rather problematic. The behavior of 

reflections measured at radial geometry is obviously influenced by different averaging but all reflections 

correspond to the same component of the strain tensor at least. FullProf Suite Tool was used for the 

refinement of the measured diffraction patterns. 

AE was monitored using a computer controlled PCI-2 device (Physical Acoustic Corporation). The facility 

incorporated a piezoelectric transducer with a flat response between 50 and 650 kHz and a preamplifier 

giving a gain of ~ 40 dB. The threshold level of detection was set as 35 dB. 

3. RESULTS 

3.1 Deformation curves 

The measured true stress - true strain curves are shown in Fig. 1. It is obvious that the deformation curves 

are rather different in tension and compression. 

 

Fig. 1 Experimental stress strain curves 

In theoretical calculations, we used EPSC model, based on the ‘finite initial fractions‘ approach , described in 

detail in [7]. The implemented hardening law is characterized by an evolution of the threshold stress with 

accumulated shear strain in each grain of the form the equation (1) 








 
 )exp(1)(ˆ

1

0
110 s

s
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           (1) 

where 0, 1, 0 and 1 are Voce law parameters [9].  

Voce law parameters for basal, prismatic and second order pyramidal slip and tensile twinning were varied in 

order to get the best qualitative agreement with experimental observations. Voce law parameters giving the 

best match of the theoretical data with the experimental ones are shown in Table 1. Parameters are in 
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agreement with experimentally determined CRSS [1] of particular slip systems, i.e. basal slip exhibit the 

lowest value and pyramidal <c+a> the highest one. The theoretical deformation curves are shown at Fig. 2. 

Table 1 Voce law parameters (1) 

 0 1 0 1 

Basal <a> 4 2 4000 50 

Prismatic <a> 15 10 240 100 

Pyramidal <c+a> 70 60 2400 0 

Tensile twinning 8 0 0 0 

 

Fig. 2 Theoretical stress strain curves, obtained by EPSC modeling  

3.2 Twin nucleation 

Acoustic emission data indicates that twin nucleation is depends on the loading mode. In tension, twin 

nucleation is observed during the entire deformation. On contrary, in compression, twin nucleation takes 

place only at the beginning of the straining. The theoretical modelling shows similar behaviour as it can be 

seen in Fig. 3b. 

 

Fig. 3 Twin nucleation a) measured by AE b) modeled by EPSC 
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3.3 Twinned volume 

Neutron diffraction data were collected, in order to estimate changes in twin volume.  1012 1011  tensile 

twinning cause grain reorientation that leads to changes in intensity of (00.2)-(1.00) and (10.3)-(11.0) 

diffraction peak pairs [6]. These reflection correspond to parent grains (grains undergoing twinning) and 

twins (twinned parts of parent grain). Grains oriented with their c-axis parallel to the loading direction are 

favorably oriented for twinning during tension, therefore we can observe decreasing of (10.0) and (11.0) 

intensities and increasing of (00.2) and (10.3) intensities and vice-versa in compression. By following the 

absolute changes of intensities of the above mentioned particular peaks in respect to the initial state, a good 

estimation about the changes in twin volume can be obtained [10]. 

The neutron diffraction measurement clearly shows that twin volume increases during the entire test, in both 

compression and tension, that means, the in tension the twin volume growth is governed by continuous 

nucleation of new twins, whereas in compression a rapid twin growth takes place. The results of EPSC 

modeling are in good agreement with experimental data (Fig. 4). 

 

Fig. 4 Change of relative intensity a,c) compression b,d) tension; a,b) measured by ND  

c,d) modeled by EPSC 

4. SUMMARY 

The deformation mechanisms of texture-free cast magnesium were studied by both experimental in-situ 

methods and modeling. It has been shown that the twin evolution significantly depends on the loading mode. 

In tension, continuous twin nucleation takes place during the entire test. On contrary, in compression, the 

twins, nucleated at the early stage of deformation, undergo a rapid growth with the increasing straining. The 

results of the theoretical EPSC modeling are in good agreement with the experimental data. 
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Abstract 

The effect of size and volume fraction of cuboidal γ’(Ni3(Al,Ti)) precipitates on Vickers hardness and tensile 

properties at 950 °C of a single crystal nickel-based superalloy CMSX-4 was studied. Samples with various 

size and volume fraction of the cuboidal γ’ precipitates were prepared by heat treatment consisting of 

solution annealing, quenching and ageing at a temperature of 950 °C. Both the Vickers hardness and yield 

strength linearly decrease with decreasing normalized volume fraction and increasing normalized mean size 

of the γ’ precipitates. A linear relationship between the yield strength and Vickers hardness is determined 

which allows high-temperature yield strength to be predicted from simple Vickers hardness measurements at 

room temperature. Critical resolved shear stress is calculated to increase from 116 to 234 MPa by 

decreasing a mean width of the γ (Ni-based solid solution) channels from 71 to 32 nm. The decrease of the 

yield strength with decreasing normalized volume fraction and increasing normalized size of the γ’ 

precipitates is controlled by a decrease of order stress resulting from shearing of the γ’/ γ precipitates at high 

tensile stresses. 

Keywords: nickel alloys, single crystal superalloy, ageing, microstructure, mechanical properties 

1. INTRODUCTION 

Single crystal nickel-based superalloys are used in first-stage turbine blades because of their unusual ability 

to retain excellent combination of mechanical properties and corrosion resistance at high temperatures [1-5] 

comparing with other materials such as single or multiphase nickel-based intermetallics [6-8], titanium-based 

intermetallic alloys [9-10] and iron-based intermetallics [11]. The typical microstructure of single crystal 

superalloys usually contains L12-ordered γ’(Ni3(Al,Ti)) precipitates coherently embedded in γ (Ni-based solid 

solution) matrix with face-centered cubic crystal structure. The mechanical properties of these materials 

depend on volume fraction, distribution, size and morphology of the γ’ precipitates. During service the initial 

microstructure of single crystal blades is subjected to degradation by the combined effect of temperature, 

mechanical stresses and environmental conditions. Three types of microstructure degradation can be 

observed in nickel-based superalloys exposed to high temperatures: (i) growth of γ’ precipitates; 

(ii) spontaneous rafting formed preferentially within the dendrites during long-term ageing and (iii) creep 

rafting [4, 12]. The microstructure degradation resulting from the growth of the γ’ precipitates represents an 

important contribution to all degradation processes affecting performance and service life of critical gas 

turbine components. Hence, it is important to study the effect of microstructure on mechanical properties of 

single crystal superalloys at temperatures corresponding to those of turbine components.  

The aim of the present work is to study the effect of microstructure on mechanical properties of single crystal 

nickel-based superalloy CMSX-4. The studied nickel-based superalloy is mainly used in manufacturing 

single crystal first-stage turbine blades for aircraft engines and stationary gas turbines for power engineering. 

The growth of the cuboidal γ’ precipitates is observed in airfoil part of turbine blades subjected to high 

stresses and lower temperatures [12]. 

mailto:ummslapi@savba.sk
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2. EXPERIMENTAL PROCEDURE 

The superalloy CMSX-4 with the chemical composition Ni-7.0Cr-9.0Co-0.6Mo-6.0W-7.0Ta-3.0Re-5.6Al-

1.0Ti-0.1Hf (wt.%) was received in the form of a cylindrical ingot with a diameter of 60 mm and length of 

110 mm. The ingot was cut to smaller pieces using spark machining and lathe machined to cylindrical rods 

with a diameter of 11 mm and a length of 110 mm. Single crystal samples were prepared by seeding using 

seeds with [001] crystallographic orientation. Both the seed and cylindrical rod were put into a high-purity 

(99.95 %) alumina mould with a diameter of 11/15 mm (inside/outside diameter) and directionally solidified 

(DS) in a modified Bridgman type apparatus. All samples were directionally solidified at a constant growth 

rate of V = 2.78x10-5 m·s-1 and constant temperature gradient in liquid at the solid-liquid interface of GL = 80 

°C/cm under argon atmosphere.  

After directional solidification the single crystal samples were subjected to heat treatments consisting of 

solution annealing at 1315 °C for 6 h, fast gas cooling to room temperature and precipitation hardening at 

950 °C for various time ranging from 100 to 2000 h.  

Vickers hardness measurements were performed at an applied load of 298 N after each ageing step. 

Cylindrical tensile specimens with a gauge diameter of 5 mm and gauge length of 25 mm were prepared by 

lathe-machining and grinding. The longitudinal axis of the tensile specimens was parallel or nearly parallel 

(maximum deviation of 3 degrees) to [001] crystallographic direction. Tensile tests were conducted at 

a temperature of 950 °C at an initial strain rate of 1x10-4 s-1 using universal testing machine Zwick in air. The 

elongation was measured by high-temperature extensometer Maytec touching gauge section of the tensile 

specimens. The offset tensile yield strength was measured at 0.2 % plastic strain and ductility was evaluated 

from the total plastic elongation to fracture.  

Crystallographic orientation of each single crystal was determined by a Laue diffraction method. 

Microstructural analysis was performed by light optical microscopy (OM) and scanning electron microscopy 

(SEM). OM and SEM samples were prepared using standard metallographic techniques and etched in 

a reagent of 12.5 ml alcohol, 12.5 ml HNO3 and 13.5 ml HCl. Size and volume fraction of γ’ precipitates and 

γ channels was measured on digitalized micrographs using a computerized image analyser. 

3. RESULTS AND DISCUSSION 

3.1. Coarsening of cuboidal γ’ precipitates during ageing 

Fig. 1 shows the typical morphology of the γ’ precipitates after solution annealing at 1315 °C for 6 h and 

precipitation hardening at 950 °C for various time ranging from 100 to 2000 h. Nearly square section on 

{001} crystallographic planes indicates that the cuboidal morphology of the γ’ precipitates is retained up to 

the ageing time of 2000 h. The measured statistical data of size defined as an edge length of the cuboidal 

γ’ precipitates were fitted by a log-normal distribution function. Fig. 2 shows dependence of mean size and 

volume fraction of the γ’ precipitates and mean width of γ channels on the ageing time. The mean size a of 

the γ’ precipitates, width of γ channels wγ and volume fraction Vp of the γ’ precipitates increase with 

increasing ageing time. As shown recently by Lapin et al. [3], after standard heat treatments of single crystal 

superalloy CMSX-4, the mean size of the cuboidal γ’ precipitates can be calculated according to the 

standard Lifshitz-Slyozov-Wagner kinetic equation [13]. The validity of the proposed kinetic equation was 

extended for early stages of precipitation by Lapin et al. [14]. During isothermal ageing of solution annealed 

single crystal superalloy CMSX-4 the size a of the γ’ precipitates can be calculated according to equation in 

the form: 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1279 

    

Fig. 1 SEM micrograph showing the effect of 2000 h 

ageing at 950 °C on morphology of the 

γ’ precipitates 

Fig. 2 Dependence of mean size and volume 

fraction of cuboidal γ’ precipitates and mean width of 

γ channels on ageing time 

 

2
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            (1) 

where 
C is the molar solid solubility of controlling solute in the matrix, γ/γ’ is the γ/γ’ interfacial energy,  is 

the molar volume of the γ’ precipitate, t is the ageing time, R is the universal gas constant, T is the absolute 

temperature and Deff is the effective diffusion coefficient. Taking the effective diffusion coefficient of 

Deff = 9.41x10-17 m2s-1, molar solubility of Al in the γ matrix of = 10447 mol/m3 and γ/γ’ interfacial energy of 

γ/γ’ = 4.1365x10-2 J/m2, R = 8.314 JK-1 mol-1, T = 1223 K and applied ageing time t ranging from 3.6x105 to 

7.2x106 s, one can calculate the size of γ’ precipitates, as shown in Fig. 2. Such excellent agreement 

between measured and calculated values extends the validity of coarsening kinetic equation for the cuboidal 

γ’ precipitates in CMSX-4 superalloy and confirms validity of the effective diffusion coefficients Deff and γ/γ’ 

interfacial energy estimated recently by Lapin et al. [3]. 

 

3.2. Effect of ageing on mechanical properties 

Fig. 3 shows dependence of Vickers hardness on ageing time. Continuous decrease of the Vickers hardness 

with increasing ageing time indicates that even a mean size of the γ’ precipitates of a = 147 nm after ageing 

for 100 h is larger than that required to achieve peak hardness values, e.g. all studied samples subjected to 

evaluation of mechanical properties were overaged in the present work. Fig. 4 shows examples of the typical 

tensile stress-strain curves at 950 °C. All specimens show smooth increase of stress with strain to 

a maximum stress at a strain of about 2 % and then smooth decrease of the stress with the increasing strain 

up to fracture. No clear yielding was observed during tensile testing. Fig. 5 shows evolution of 0.2 % offset 

yield strength 0.2, ultimate tensile strength (UTS) and plastic elongation to fracture with ageing time. The 

yield strength decreases with increasing ageing time. On the other hand, both UTS and plastic elongation to 

fracture first increase and then decrease with increasing ageing time. It should be noted that the data shown 

in Fig. 5 represent average values from two tensile specimens tested at each ageing regime.  

 

3.3. Effect of microstructure on mechanical properties 

Both the yield strength 0.2 and Vickers hardness show linear dependence on normalized volume fraction 
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Fig. 3 Variation of Vickers hardness with the ageing 

time 

Fig. 4 Typical strain-stress curves at 950 °C after 

ageing for various time 

 

and size of the γ’ precipitates, as seen in Fig. 6. Fig. 7 shows dependence of the offset yield strength σ0.2 

measured at 950 °C on room-temperature Vickers hardness HV. The yield stress σ0.2 increases linearly with 

Vickers hardness HV according to equation  

0.2 0 HV
HV k HV              (2) 

where HV0 is a constant (in MPa), kHV is a dimensionless material constant and HV is the Vickers hardness 

(in MPa). Linear regression analysis of data shown in Fig. 7 yields an equation for σ0.2 in the form 

0.2
607.4 0.347HV               (3) 

The correlation coefficient of this fit is r2 = 0.97. Eq. (3) can be considered as a simple tool to estimate high 

temperature yield strength from room-temperature measurements of Vickers hardness. 

  

Fig. 5 Effect of ageing time on 0.2 % offset yield 

strength (YS), ultimate tensile strength (UTS) and 

plastic elongation to fracture at 950 °C 

Fig. 6 Dependence of 0.2 % offset yield strength σ0.2 

and Vickers hardness HV on normalized volume 

fraction Vp and size a of the cuboidal γ’ precipitates 
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Fig. 7 Variation of 0.2 % offset yield strength 

measured at 950 °C with room temperature Vickers 

hardness 

Fig. 8 Dependence of decrease of yield strength 

σ0.2, order stress σs and Orowan stress σor on 

normalized volume fraction and size γ’ precipitates 

 

The tensile deformation of single crystal superalloys at high temperatures is essentially confined in the 

γ channels on {111} slip planes and <110> slip directions. Before the dislocation can be moved through the 

γ phase, the applied stress must be high enough to overcome the local Orowan resistance, solid solution 

resistance and dislocation resistance of the γ matrix. As shown by Lapin et al. [14], critical resolved shear 

stress in the studied alloy is dominated by the Orowan stress ranging from 96 to 214 MPa. The contribution 

of the solid solution strengthening represents only of about 20 MPa and dislocation strengthening only about 

10 MPa. However, the measurable 0.2 % plastic deformation representing the offset limit for the yield stress 

determined in the present work requires transfer of the dislocation formed in the γ matrix into the ordered 

coherent γ’ precipitates. The critical resolved shear stress required inserting a pair of γ dislocations into the 

γ’ precipitates was calculated by Lapin et al. [14] to be 295 MPa. Fig. 8 shows dependence of a decrease of 

0.2 % offset yield strength defined as 0.2 0.2max 0.2
     , decrease of the stress resulting from order 

strengthening by the γ’ precipitates defined as s smax s
      and decrease of Orowan stress defined as 

or ormax or
      on normalized volume fraction and size of the cuboidal γ’ precipitates. It is clear that the 

decrease of the offset yield strength σ0.2 can be very well related to the decrease of the stress resulting 

from order strengthening σs. On the other hand, decrease of the Orowan stress σor with the normalized 

volume fraction and size of the γ’ precipitates deviates significantly from that of σ0.2. Hence, the high-

temperature 0.2 % offset yield strength of the studied alloy is largely controlled by stress contribution 

resulting from the order strengthening and not from Orowan bowing mechanism.  

4. CONLUSIONS 

The investigation of the effect microstructure on mechanical properties of single crystal nickel-based 

superalloy CMSX-4 suggests the following conclusions: 

1) Single crystal samples of nickel-based superalloy CMSX-4 with [001] crystallographic orientation were 

prepared by directional solidification in a Bridgman type furnace using seeding. The applied heat 

treatments of the samples consisting of solution annealing, quenching and ageing at 950 °C for 

various time up to 2000 h leads to formation of cuboidal γ’(Ni3(Al,Ti)) precipitates with a mean size and 

volume fraction ranging from 147 to 487 nm and from 62 to 70 vol.%, respectively.  

2) The mean size of the γ’ precipitates can be predicted from a modified coarsening kinetic equation, 

which can be well applied for early stages of precipitation of the γ’ particles from the γ matrix. 
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3) Room-temperature Vickers hardness and 0.2 % tensile yield strength at 950 °C decrease with 

increasing ageing time. From microstructural point of view, decreasing volume fraction and increasing 

mean size of the γ’ precipitates lead to a decrease of Vickers hardness and tensile yield strength.  

4) A linear relationship between the yield strength and Vickers hardness was determined, which allows 

high-temperature yield strength to be predicted from simple Vickers hardness measurements at room 

temperature.  

ACKNOWLEDGEMENTS 

This work is the result of the project Competence center for new materials, advanced technologies 

and energy ITMS 26240220073, supported by the Research and Development Operational Program 

funded by the European Regional Development Fund. 

LITERATURE 

[1] SERIN, K., GÖBENLI, G., EGGELER, G. On the influence of stress state, stress level and temperature on γ-

channel widening in the single crystal superalloy CMSX-4. Mater. Sci. Eng. A, 2004, vol. 387-389, pp. 133-137. 

[2] MA, A., DYE, D., REED, R.C. A model for the creep deformation behaviour of single-crystal superalloy CMSX-4. 

Acta Mater., 2008, vol. 56, no. 8, pp. 1657-1670. 

[3] LAPIN, J., GEBURA, M., PELACHOVÁ, T., NAZMY, M. Coarsening kinetics of cuboidal gamma prime 

precipitates in single crystal nickel base superalloy CMSX-4. Kovove Mater., 2008, vol. 46, no. 6, pp. 313-322. 

[4] LAPIN, J., PELACHOVÁ, T., GEBURA, M. The effect of creep exposure on microstructure stability and tensile 

properties of single crystal nickel based superalloy CMSX-4. Kovove Mater., 2012, vol. 50, no. 6, pp. 379-386. 

[5] KUNZ, L., LUKÁŠ, P., MINTACH, R., HRBÁČEK, K. Effect of mean stress on high-cycle fatigue strength of IN 

713LC superalloy. Kovove Mater., 2006, vol. 44, no. 5, pp. 275-281. 

[6] KURSA, M., MALCHARCZIKOVÁ, J., PEŠIČKA, J., VODÁREK, V., HYSPECKÁ, L. Microstructural analysis and 

mechanical properties of polycrystalline Ni-rich Ni3Al alloy prepared by directional solidification. Kovove Mater., 

2008, vol. 46, no. 6, pp. 351-359.  

[7] LAPIN, J. High temperature creep of precipitation-strengthened Ni3Al-based alloy. Intermetallics, 1999, vol. 7, no. 

5, pp. 599-609. 

[8] LAPIN, J. Effect of directional solidification and heat treatments on the microstructure and mechanical properties 

of multiphase intermetallic Zr-doped Ni-Al-Cr-Ta-Mo alloy. Intermetallics, 2006, vol. 14, no. 12, pp. 1417-1427. 

[9] LAPIN, J., GABALCOVÁ, Z., BAJANA, O. The effect of microstructure on mechanical properties of directionally 

solidified intermetallic Ti-46Al-8Nb alloy. Kovove Mater., 2009, vol. 47, no. 3, pp. 159-167. 

[10] LAPIN, J. Creep of a cast intermetallic TiAl-based alloy. Kovove Mater., 2005, 43, no. 1, pp. 81-92. 

[11] LAPIN, J., TIBERGHIEN, D., DELANNAY, F. On the parameters affecting the formation of iron aluminides during 

pressure-assisted infiltration of aluminium into a preform of steel fibres. Intermetallics, 2000, vol. 8, no. 12, 

pp. 1429-1438. 

[12] LAPIN, J., PELACHOVÁ, T., GEBURA, M. Microstructure degradation of nickel based single crystal superalloy. In 

METAL 2012: International Conference on Metallurgy and Materials. Brno, 2012. 

[13] BALDAN, A. Review Progress in Ostwald ripening theories and their applications to the γ’-precipitates in nickel-

base superalloys. Part II. Nickel-base superalloys. J. Mater. Sci., 2002, vol. 37, no. 8, pp. 2379-2405. 

[14] LAPIN, J., GEBURA, M., BAJANA, O., PELACHOVÁ, T., NAZMY, M. Effect of size and volume fraction of 

cuboidal γ' precipitates on mechanical properties of single crystal nickel-based superalloy CMSX-4. Kovove 

Mater., 2009, vol. 47, no. 3, pp. 129-138. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1283 

MICROSTRUCTURAL EVALUATION OF IMPAC IN718: HIGHER TEMPERATURE 

APPLICATION RANGE FOR AN OLD SUPERALLOY  

DI GIANFRANCESCO, P. LOMBARDI, D. VENDITTI 

Centro Sviluppo Materiali SpA, Rome, Italy, EU 

Abstract 

The 718 is a very well know superalloy developed in the years ’60 worldwide used for aircraft engine, 

petrochemical plants, oil and gas applications, with a very wide operating temperatures spectrum with an 

upper limit close to 650 °C.  

The continuous trend in efficiency improving for the new fossil fuel fired plants for power generation needs 

an increasing in temperature and pressure of the critical components: boiler and turbine. Therefore the 

tubes, cast and forged components in the hottest part of the plant are hardly stressed and steel and alloys 

with improved creep performances are required. 

The steam turbine inlet temperature for the new generation plants is scheduled in the range of 720°C with 

a pressure of 350 MPa and the high and intermediate pressure rotor sections are going to be produced in 

superalloys. In the frame of the Thermie Advanced (700 °C) Pulverised Fuel Power European Project a trial 

rotor disk has been forged by Società delle Fucine in Italy using a billet produced by AOD + double VAR 

remelting at Acciaierie Foroni. 

A new heat treatment was developed by Centro Sviluppo Materiali to increase the microstructural stability in 

the range of 650-750 °C and to improve the creep behaviour. Now the longest creep tests are approaching 

the 100000 hours and a creep data assessment show an increase of about 50°C respect to the standard 

UNS718 material.  

This work summarize the 12 years of work done that could now open the possibility of use the 718 

superalloy up to 700 °C for forged components in the new steam turbine for the Advanced Ultra Supercritical 

Power Plants.  

Keywords: IN718, forging, creep resistance, mechanical properties, microstructure, heat treatment 

1. INTRODUCTION 

The driving forces improving the production of electric power have changed from growth of demand in the 

60’s to considerations concerning environment and efficiency in the 90’s. In 1996 the European Commission 

approved in the frame of the THERMIE programme the demonstration project "Advanced ("700 °C") PF 

Power Plant" proposed by a large group of material and components suppliers of the power industry, R&D 

centres and leading utilities. The aim of the project is to develop a new generation of coal fired power plant 

able to raise up to 37.5 MPa/700 °C steam conditions and to increase electrical efficiency up to 52÷55 % [1]. 

Consequently in the hottest part of the steam cycle it will be no longer possible to use steel components, but 

new nickel-based superalloys are required; then it is necessary to optimise, test and qualify these materials. 

In parallel, studies on the design of the large critical components have been performed to optimise the size 

as function of production limits. 

At the beginning of the program several existing superalloys have been taken into account for screening 

tests in order to evaluate the most promising candidates for the component manufacture. 
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The Italian contribution to the program has been focused on the INCONEL 718 super alloy. It is well known 

by [2] that the maximum operating temperature for IN718 treated in the standard conditions (UNS7718) is 

about 650 °C. Therefore a new heat treatment was developed to increase the high temperature behaviours 

of the IN718 and his microstructural stability to target the AD700 goal and a prototype disk was produced [3]. 

After the optimisation of the heat treatment, by mechanical and short term creep tests, a long term creep 

program was launched in order evaluate the creep resistance of the new modified heat treatment, as well as, 

microstructural analysis to investigate the alloy stability. 

The aim of this paper is to present the results of this test programme that are discussed in relationship with 

the microstructure evolution in the service conditions.  

2. MATERIAL PRODUCTION 

One ton billet produced by Electric Arc Furnace, followed by Argon-Oxygen Degassing refining and double 

VAR (Vacuum Arc Remelting) remelted by Acciaierie Foroni, has been forged by Società delle Fucine using 

a 12,600 ton press, following a procedure designed by model simulations in order to promote 

recrystallization. Fig. 1 shows the billet before forging and the prototype forged disk having the following 

dimension: diameter of 850 mm and thickness of 350 mm [3].  

 
Fig. 1 IN718 billet before forging and the prototype disk after forging 

Table 1 shows the chemical analysis of IN718 billet compared with that of the standard UNS7718; the trace 

elements are the following: Pb < 0.2, Bi < 0.1, Se < 1.0, Sn < 10, Ag < 1.0 (values in wt. ppm). 

Table 1 Chemical analysis of Foroni IN718 billet (wt.%) 

 C Ni Fe Cr Mo W Co Nb Ti Al B Zr Mn Si P S 

Standard 

UNS7718 
<0.08 

50 

÷ 55 
Bal 

17 

÷ 21 

2.8 

÷ 3.3 
- <1 

4.8 

÷ 5.5 

0.7 

÷ 1.2 

0.2 

÷ 0.8 
<0.006 - <0.35 <0.35 - <0.015 

Foroni 

Billet 
0.03 54 17.5 18.5 3 <0.1 <0.1 5 0.9 0.5 0.004 <0.0005 0.15 0.15 0.008 0.001 

3. MECHANICAL BEHAVIOUR OF PROTOTYPE DISK 

During the Phase 1 of the Thermie AD700 project [4] a new heat treatment has been developed by CSM [3], 

in order to improve the high temperature properties of the IN718 and in particular the creep behaviour. After 

the promising results obtained respect to the conventional heat treatment, the new one was applied on the 

trial disk and the mechanical properties obtained have been compared with those obtained by the convention 

heat treatment. 
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The standard IN718 super alloy is characterised by the precipitation of cuboidal ’ phase (Ni3Al,Ti) and ’’ 

phase (Ni3Nb), acicular and fine, as consequence of the amount of Nb in the matrix. Also MC carbides are 

present. The ’’ phase, during exposure at high temperature, evolves into the  phase, coarsens and gets 

acicular, producing a reduction of properties and ductility. 

The heat treatment developed by CSM had the aim to stabilise ’ e ’’ phases: the solubilisation temperature 

has been increased up to 1065 °C, followed by air cooling and two aging stages. Also relatively high aging 

temperatures have been employed (Table 2). Fig. 2 shows a comparison of the obtained microstructures. A 

largest amount of ’’ phase is present in the modified treated material. As summarised in Table 2, the room 

temperature properties of the treated material were in agreement with the standard requirements. 

Table 2 Heat treatment conditions and mechanical properties (FC = Furnace cooling) 

 
Solubilisation 

(°C/h/Cooling ) 

First aging 

(°C/h/Cooling ) 

Second aging 

(°C/h/Cooling ) 

YS 

(MPa) 

UTS 

(MPa) 

Elong. 

(%) 

Impact 

energy (J) 

Grain size 

(ASTM No.) 

Standard 927-1010 720/8/FC 620/8/air >1035 >1240 >10   

Foroni 

Stand. 

 
1000/2/water 

 
718/8/FC 

 
621/8/air 

 
1135 

 
1403 

 
20.4 

 
74 

 
5 

Foroni 

 Mod. 

 

1065/1/air 

 

760/8/FC 

 

650/12/air 

 

1120 

 

1335 

 

27.0 

 

80 

 

4 

  

To evaluate the microstructural stability and the mechanical behaviour after standard and modified heat 

treatment (HT), aging tests were carried out at 700 and 750 °C up to 10200 h: the tensile strength slightly 

decrease after aging (Fig. 3). It is important to take into account that aging at 750 °C for 3000 h, according 

with Larson Miller Parameter (LMP), is equivalent to 60000 hours at 700 °C. 

4. IN718 CREEP BEHAVIOUR WITH NEW HEAT TREATMENT 

In order to evaluate the creep behaviour of the IN718 with modified heat treatment, a long term creep test 

program was defined in the temperature range 650 ÷ 750 °C with smooth and notched specimens. 

 a  b 

Fig. 2 Microstructure after standard heat treatment: a) conventional HT; b) modified HT 
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Fig. 3 Effect of aging on mechanical properties 

At present 2 specimens are still running over than 90000 hours. Fig. 4 shows the isothermal curves of 

smooth and notched specimens. The IN718 Mod creep behaviours are not sensitive to notch.  

In Fig. 5, plotting the minimum creep rate vs. applied stress at the different temperatures it is possible to 

observe the variation of the Norton exponent that decrease from 11.5 at 650 °C up to 1.4 at 750 °C showing 

a change in the creep mechanisms from dislocation to diffusive creep.  

 

Fig. 4 Isothermal curves of smooth and notched specimens (yellow points are tests still running) 
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Fig. 5 Minimum creep rate vs applied stress 

An assessment has been made by the ECCC (European Creep Collaborative Committee) procedures [5] in 

2009 [6]. In Fig. 6, the current creep results of the smooth broken specimens are plotted and compared with 

the data assessment. The value to obtain rupture at 700 °C in 100000 h, previously predicted in the range of 

120 ± 15 MPa, could be a little lower taking into account that the specimen still running at 700 °C with 130 

MPa is close to rupture having a current elongation of 12 and it is started the tertiary creep stage. A new 

assessment will be carried out as soon as new rupture data will be available. In fact the current assessment 

seems overestimate the 700°C performance and underestimate it at 750 °C.  

 
Fig. 6 2012 creep data assessment with current smooth test running (yellow points) 

The creep behaviours of IN718 mod superalloys have been compared with ORNL data from literature on 

standard material [7]. The modified treated material shows the same creep resistance at 650 °C, but a 

relevant increase of the rupture time at the highest temperatures, especially at 750 °C, as showed in Fig. 7. 

The modified treated material shows at 100 MPa the same rupture time of the standard material, but with an 

increase of 46 °C in term of service temperature (circle in the Fig. 7).  

1.3756 

11.567 

3.0698 

0.8832 

0.9871 

0.9738 
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These differences can be also appreciated in Fig. 8 where the master curves of standard and modified 

IN718 are compared.  

 

Fig. 7 Comparison of isothermal curves of UNS718 and IN718 Mod 

 

Fig. 8 Comparison of master curves of UNS718 and IN718 Mod 

Furthermore the creep ductility showed by the IN718 with the modified heat treatment, appears interesting, in 

terms of elongation and reduction of area to rupture, that increase with the temperature and the test time. 

Fig. 9 show the elongation to rupture and the reduction of area versus time to rupture (tr), giving evidence 

that the physiological evolution of ’’ in -phase doesn’t reduce ductility of the material with the modified 

treatment. This behaviour was just observed in literature [8, 9] and was related to the effect of  particle to 
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guide crack advance in a zigzag path resulted in absorbing strain energy and increasing plasticity. Further 

analyses in order to confirm this mechanism are in progress. 

 

Fig. 9 Creep Ductility of IN718 Mod: elongation and reduction of area vs rupture time (yellow points are test 

still running) 

5. MICROSTRUCTURAL EVOLUTION 

In order to understand the reasons of these better behaviours the modified treated material TEM 

investigation have been performed on both treated materials in aged conditions. Fig. 10 shows a comparison 

of the microstructure evolutions after 3000 hours at 700 and 750 °C for the modified treated material: at this 
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magnification, on the specimen aged at 700 °C only ’’ can be recognised, being ’ too fine to be observed. 

At 750 °C fast coarsening of both ’ and ’’ phases is well evident, as well as the formation of the large  

plates, due to ’’ transformation. Fig. 11 shows a reduced amount of ’’ phase in the microstructure after 

3000 hours at 750 °C for the standard treated material, if compared with the microstructure of the material 

after the same ageing conditions, when is treated with new heat treatment. Figs. 10b and 11 give the 

evidence of the effect of the new heat treatment to reduce the transformation kinetics of ’’ into  phase. 

Quantitative analyses on aged specimens have been carried out to define the evolution of the main phases 

[6]. The measured of ’, ’’ and sizes gave evidence that all the phases in the standard treated material 

show faster growth compared with the modified treatment. After 3000 h at 750 °C, the measured precipitate 

size distribution shows that the ’ particles coarsening is rather similar both heat treatments, growing up to 80 

nm; ’’ particles grow up close to micrometric dimension after 5000-10000 h and then they decrease.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)       b) 

Fig. 10 IN718 Mod treated material: TEM image on thin foil after 3.000 hours of aging: 

a) at 700 °C; b) at 750 °C 

 

 

 

 

 

 

Fig. 11 IN718 standard treated material: TEM image on thin foil after 3.000 hours of aging at 750 °C 

This phenomenon can be related to the formation of  phase which precipitates at the expense of ’’. By 

means of the modified heat treatment, the nucleation and growth rates of  phase are delayed.  

1 μm 

1
 μ

m
 

1 μm 
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Additional microstructural analyses have been carried out on crept specimens: the head of these specimens 

have been analysed by light microscopy, SEM + EDS and by STEM + EDS analysis. 

Fig. 12 shows clearly the stages of evolution of the microstructure with the transformation of the ’’ in to  

phase starting from the grain boundary. The phase nucleates at the grain boundary and grows into the 

grain (Fig. 12a) and a relevant amount is present in the specimens aged at 700 and 750 °C (Fig. 12 b and 

c).  

   a) 

   b) 

  c) 

Fig. 12 Microstructures of aged specimens by light microscopy (right) and SEM (left): a) 650 °C - 25.355 h; 

b) 700 °C - 25.860 h; c) 750 °C - 33.206 h (marker left = 20m, right = 2m 

With investigations at higher magnification it was possible to identify the phases in the specimens aged at 

700 °C for 25860 hours, shown in Fig. 13: the presence of Niobium reach round shape carbides and acicular 

phase, as well as, between the -phase particles still the presence of some small’’ particles: that means 

that the transformation ’’ to  it is not jet completed in these ageing conditions.  
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At 750 °C the transformation of ’’ in to -phase appears completed, as can be observed by Fig. 14, showing 

that ’ it is still present [8] and practically no more ’’ is observable. The other small dark particles, mainly 

observable at the grain boundaries, are Ti reach carbides (Fig. 15).  

The TEM analysis on thin foil on the specimen at 750 °C after 33206 hours, Fig. 16, confirms that ’’ 

transformation has been completed, but there is still present a relevant amount of small ’ particles. Fig. 17 

shows a typical example of Orowan climb of a dislocation on a ’ particle confirming that ’ continues to 

supply a strengthening effect. 

The microstructural investigations by SEM and TEM will continue as soon as the creep specimens still 

running will be broken in order to consolidate the knowledge in the evolution of the phases on the In718 with 

this modified treatment. 

 

 

 

 

Fig. 15 SEM images of the crept specimen at 750 °C for 33206 hours: Ti reaches carbides (black particles) 

6. DISCUSSION AND CONCLUSIONS 

The manufacture of a trial rotor disk for possible application at 700°C in steam turbine has been provided. 

The trial disk has been successfully forged at Società delle Fucine using an AOD double VAR billet produced 

by Foroni Steels.  

A new heat treatment to improve the creep resistance has been developed. 

Fig. 13 SEM images of the crept specimen at 

700°C after 25.860 hours: a) MC Nb rich 

particles; b)  phase; c) ’’ phase 

 

Fig. 14 SEM images of the crept specimen at 

750°C after 33.206 hours: a) MC Nb rich 

particles; b)  phase; c)’ phase 
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The capability of the new heat treatment to increase the creep behaviours of IN718 at temperature over then 

650°C has been confirmed from the results of the long term creep tests. The assessment of the creep data 

could be able to guarantee 120 ± 15 MPa at 700 °C, but in the next future a new one will be realised after the 

rupture of the specimens still running. 

  

Fig. 16 TEM images of the crept specimen after 33206 hours at 750°C: a) -phase; b)’-phase 

 

Fig. 17 Orowan climb of a dislocation on a ’ particle in the specimen after 33206 hours at 750 °C 

Comparing the behaviour of the standard IN718 at 704°C, the new treatment at the same stress (100 MPa), 

but at T = 750 °C, it is able to guarantee the same time to rupture: that means that an improvement of 46 °C 

in the service temperature has been obtained. 

Other relevant results are that the new heat treatment it is able to guarantee a very good ductility of creep 

specimens after high temperature and long time tests, without embrittlement phenomena.  

The reasons of these improved behaviours for the new heat treatment have been explained, on the base of 

metallographic investigations, as follow:  

 The new heat treatment promote the’ and’’ precipitation, without presence of -phase after heat 

treatment, 

 The presence of ’’ after heat treatment delay the nucleation of -phase as well as the transformation 

of’’ to -phase, 

 The ’ is more stable and it is still present, without relevant growing phenomena, after long term at 750 

°C. 

a 

b 

2 μm 1 μm 
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Further microstructural investigation has been planned and will be carried out on the two creep specimens 

still running, when broken. 

On the basis of results obtained for Inconel 718, the modified heat treatment can be included in the list of 

candidate materials for the manufacture of forged components, such as rotor disks or bolts, for the new 

generation of advanced Ultra Super Critical power plant that will be operate with 700 °C steam temperature. 
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THE INFLUENCE OF ZR ON MICROSTRUCTURE OF BETA-TITANIUM ALLOYS  
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Abstract  

Beta titanium alloys are nowadays very often used in bioapplications due to their properties (e.g. corrosion 

resistance, low Young’s modulus and biocompatibility). Alloys with nominal chemical composition Ti-35Nb-

XZr (X=0, 2, 4, 6 and 8 wt.%) were studied in this work. The influence of Zr on microstructure was the aim of 

this work. As-cast specimens were homogenized, hot forged and solution treated (850 °C/0.5h/water 

quenched). Light optical microscopy (OM) and scanning electron microscopy (SEM) with electron back 

scatter diffraction (EBSD) were used for microstructural characterization. The microstructure of hot forged 

alloys with low Zr fraction consists mainly of α” martensite. With increasing Zr content the microstructure 

changes into single β-phase. Similar results were obtained for solution treated specimens. Zr influences also 

recrystallization process during hot forging and solution treatment and that results into different grain sizes 

depending on Zr fraction.  

Keywords: beta-titanium alloys, microstructure, electron back-scattered diffraction 

1. INTRODUCTION  

Metallic biomaterials are used especially for hard tissue replacements. Titanium alloys are suitable for these 

applications due to their good corrosion resistance, high strength to weight ratio and biocompatibility. Only 

fully biocompatible materials (consisting of fully biocompatible elements) should be used as implant materials 

[1-3]. There are several elements (e.g. Nb, Ta, Zr) that are considered as safe elements for use in human 

body and are therefore suitable for alloying in titanium. The most common metallic biomaterials (stainless 

steel, Ti6Al4V alloy) contain elements that are believed to be potentially harmful to human body (Ni, V and 

Al). Because of that new alloys without these elements were developed. Moreover materials with mechanical 

properties similar to that of bone are desired. Especially Young’s modulus is important in order to avoid the 

so called “stress shielding effect”. The Young’s modulus of human bone is 10 ÷ 40 GPa [4-6] and therefore 

low Young’s modulus is important for newly developed biomaterials. 

Currently beta titanium alloys attract attention. The elements known as beta stabilizers are added into 

titanium in order to reach β-Ti microstructure (bcc) instead of α-Ti (hcp). Some beta stabilizers are fully 

biocompatible elements (Nb, Ta) and β-Ti has the lowest Young’s modulus among all titanium phases [7]. 

The drawback of Ta is that it is very expensive. Moreover beta-titanium alloys have in general lower strength. 

On the other hand, they posses good formability. In order to improve strength, Zr seems to be promising 

element, because it has solid solution strengthening effect in titanium alloys [8]. Zr is fully biocompatible 

element which is considered to be a neutral element with respect to phase stability (it doesn’t influence α or 

β-phase stability) [9]. On the other hand, some authors reported that in Ti-Nb-Ta-Zr alloy can act as β-

stabilizer (or can strengthen beta stabilizing effect of other alloying elements) [10]. In this work the influence 

of Zr on microstructure (possible β-stabilizing effect) and mechanical properties on Ti-35Nb alloy is studied in 

order to elucidate possibilities of Ti-35Nb-XZr alloys. 

 

 

mailto:malek@ujp.cz
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2. EXPERIMENTAL METHODS 

For this work alloys with nominal chemical composition Ti-35Nb-XZr (X = 0, 2, 4, 6 and 8 wt.%) were 

prepared via arc melting process. They are market as 0Zr; 2Zr; 4Zr; 6Zr and 8Zr in following text. Chemical 

compositions in this work are in wt.% unless it is said different. Alloys were melted from pure metals in 

electric arc melting furnace LAYBOLD HERAEUS L200h with water-cooled copper crucible under protective 

atmosphere of pure He. Specimens were remelted with non-consumable tungsten electrode 8 times in order 

to ensure chemical homogeneity. As cast specimens were homogenized at 1200 °C for 4 h and cooled in 

vacuum furnace. Homogenized specimens were hot forged (marked as "HF") into cylindrical shape of a 

diameter about 14 mm (with section reduction about 40 %). The hot forging was performed in three steps 

when the specimens were in first step heated to 1150 °C (for 15 minutes) and forged. The forging 

temperature was kept above 750 °C (beta-transus temperature). Before each subsequent step, the 

specimen was reheated in furnace to 1150 °C for 5 min. Hot forged rods were solution treated 

850°C/0.5h/water quenched. Solution treated ("ST") specimens were machined in order to remove surface 

layer. Specimens for light optical microscopy (OM) were prepared by standard metallographic techniques. 

The specimens were grinded up to #4000 with SiC papers and polished with Struers OP-S emulsion with 

addition of 0.6 ml OP-S, 2 ml H2O and 2 ml NH3. For etching 3 ml HF + 8 ml HNO3 + 100 ml H2O etchant was 

used. Nikon EPIPHOT 300 was used for light optical microscopy observation. Polished specimens were 

used for electron back scattered (EBSD) analysis. For this purpose these specimens were electropolished by 

using 1000 ml C2H5OH + 50 ml HClO4 + 15 ml HNO3 electrolyte at 50 V. Analysis was performed on JEOL 

JSM 7600F with EBSD detector (Nordly’s - Oxford instruments). EBSD data were collected at 25 kV and 65° 

tilt. Results were evaluated with HKL Chanel 5 software equipment. Grain size was evaluated by Spector’s 

method. Vickers hardness tests (HV10) were performed on hot forged and solution treated specimens on 

Zwick Roell ZHU 250 Top testing machine. 

3. RESULTS AND DISCUSSION  

The microstructure of hot forged specimens is documented in Fig. 1-3. It is evident that in 0Zr specimens the 

microstructure consists of α”- martensite. There can be seen relatively coarse grains of original β-phase 

(high temperature phase). The microstructure of 2Zr-HF specimen is similar. Significant change can be 

observed in Fig. 1b where the microstructure of 4Zr-HF specimen is shown. Relatively coarse grains 

consisting of single β-phase can be observed there. 6Zr-HF and 8Zr-HF specimens possess similar 

  

Fig. 1a Microstructure of 0Zr-HF specimen (OM) Fig. 1b Microstructure of 4Zr-HF specimen (OM) 
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microstructure. Some of the β-phase grains are deformed and exhibit deformation bands inside (see Fig. 2). 

These bands are more evident on EBSD image taken from 6Zr-Hf specimen (Fig. 3). EBSD measurements 

of 0Zr and 2Zr specimens were not made, because of very fine α" needles that do not allow to make  

 
 

Fig. 2 Deformed microstructure of 4Zr-HF 

specimen (OM) 

Fig. 3 Inverse pole figure map of 6ZR-HF specimen 

(EBSD) 

representative (enough large area) measurements. Results of grain size measurements for HF and ST 

specimens are plotted in Fig. 4. There can be seen decreasing trend in grain size with increasing Zr content 

(difference between 0Zr-HF and 2Zr-HF specimens is within experimental scatter that is relatively high due to 

inhomogeneous grain size distribution). The change in microstructure during solution treatment is 

documented in Fig. 5 and 6Zr-ST and 2Zr-St specimens also consists of α”- martensite (similar to that of 

same specimens after hot forging).  

Martensitic α”-phase occurred inside original 

β-phase grains during quenching from the 

temperature in stable β-phase region. This 

result confirms the work of Creamsco et al. 

[11]. In 4Zr-ST specimen the microstructure 

consists of single β-phase grains. The same 

can be said about 6Zr-ST and 8Zr-ST 

specimens. The difference in comparison 

with HF specimen is that there are two types 

of grains. Relatively coarse grains can be 

observed and quite fine grains among them. 

Coarse grains exhibit substructure (subgrains 

etc.) as EBSD analysis revealed (Fig. 7). On 

the other hand, finer grains possess no 

substructure. The average grain sizes of 

solution treated and hot forged specimens 

are plotted in Fig. 4. It is evident that the average grain size after solution treatment decreases with 

increasing Zr content. Results obtained from EBSD (green columns) are also plotted and correspond to that 

obtain from OM (blue columns).  

The fact that α"-martensite disappeared in specimens with higher Zr content (4Zr, 6Zr and 8Zr) indicates that 

Zr acts as β-stabilizer element. The β-phase without α”-martensite is present in 4Zr alloy after quenching. So 

 

Fig. 4 Mean grain size of HF and ST specimens  
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the nominal chemical composition of Ti-35Nb-4Zr alloy seems to be sufficient to retain single phase β-Ti 

microstructure. On the other hand, more detailed study (by using transmission electron microscopy or X-ray 

diffraction) should be carried out in order to exclude the presence of ω-phase, because this phase cannot be 

observed by using OM. Similar alloy without Zr, but with Ta addition instead (5.7 wt.%) was studied 

previously [12] and also Ti-39Nb alloy was studied [13]. Because all three alloys exhibit no α”-martensite in 

as-quenched microstructure and Ti-39Nb the influence of these elements (Nb, Ta, Zr) can be evaluated. The 

addition of 4 wt.% Nb, 4 wt.Zr and 6 wt.% Ta to Ti-35Nb is sufficient to suppres α”-martensite formation. So it 

can be concluded that the β-stabilizing effect of Nb and Zr in these alloys is similar and stronger than that of 

Ta, where 6 wt.% has to be added. It is consistent with Eisenbarth et al. [2] and Li et al. [14] who reported 

the Moeq equation: 

Moeq = (Mo) + 0.2 (Ta) + 0.28 (Nb) + 0.4 (W) + 0.67 (V) + 1.25 (Cr) + 1.25 (Ni) + 1.7 (Mn) + 1.7 (Co) + 2.5 

(Fe). 

  

Fig. 5 Microstructure of 0ZR-ST specimen (OM) Fig. 6 Microstructure of 8ZR-ST specimen (OM) 

  

Fig. 7 Inverse pole figure map of 8Zr-ST specimen 

(EBSD) 

Fig. 8 Hardness values (HV10) of HF and ST 

specimens  

It is evident that Nb has coefficient 0.28 which is 1.4x more than that of Ta. So 4 wt.% Nb should have 

similar effect as 5.6 wt.% Ta. So it seems that Zr is in this alloying system β-stabilizer with similar effect as 
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Nb and stronger effect than Ta. It should be pointed out that in different alloying systems the effect of Zr may 

be different and further studies for other alloying systems have to be done to evaluate the effect of Zr. 

It was mentioned above (in Fig. 4) that Zr influences also the grain size. During hot forging dynamic and 

metadynamic (during reheating of the specimen) recrystallization takes place [15,16]. These processes leads 

to microstructure of relatively coarse grains (shown in Fig. 6). These grains possess substructure due to 

deformation processes (Fig. 3). It seems that Zr hinders recovery during hot forging. It was reported by 

Prima et al. [8] that Zr has larger atomic radius in comparison with Ti, Nb or Ta. Therefore Zr atoms are 

supposed to pin dislocation and suppress their movement. Due to this effect more deformation energy is 

preserved in alloys with high Zr content after hot forging. During solution treatment new grains are formed, 

because more deformation energy is preserved in alloys with higher Zr fraction. This results in more 

nucleation sites for post-dynamic recrystallization. The same can be said about metadynamic 

recrystallization. Because of that the average grain size should decrease with increasing Zr content both in 

HF and ST specimens. Although the grain size is inhomogeneous (there can be seen relatively large grains 

and also significantly finer grains in microstructure), the average grain size confirms the above mentioned 

idea about the influence of Zr on grain size especially in ST specimens. There is discrepancy between this 

idea and average grain size results in hot forged specimens (0Zr-HF and 2Zr-HF in Fig. 4). This discrepancy 

is probably caused by quite large experimental scatter (not plotted in the graph) that should be taken into 

account. Despite this experimental scatter it is clear that grain refinement takes place with increasing Zr 

content in alloy both in HF and ST condition. The grain refinement caused by Zr was reported previously by 

several authors (e.g. [8,17,18]). 

The microstructure and chemical composition also influences mechanical properties. Hardness values were 

measured in HF and ST specimens and these results can be seen in Fig. 8. The hardness values of HF 

specimens are slightly higher than that for ST specimens. This is probably caused by residual stress release 

and partly can be caused by dissolution of very fine α-phase or ω-phase precipitates. These precipitates 

were not observed in this work, but small fraction of them can be present in HF specimens. The HV10 value 

for ST specimens varies from approximately 143 HV10 to 163 HV10. It can be seen, that the highest value 

possess 0Zr specimen (163 HV10) and with increasing Zr content the hardness value falls down to 143 

HV10 (4Zr specimen). When the Zr content is further increased to 6 and 8 wt.% slight increase can be 

observed. The initial decrease in hardness value from 0Zr to 4Zr alloy can be elucidated by the change in 

microstructure. When Zr is added to Ti-35Nb alloy which consists of α”-martensitic phase, the volume 

fraction of α”-phase decreases, because β-phase is stabilized. The decreasing volume fraction of α”-phase 

causes the decrease in hardness up to 4Zr specimen where β-phase is fully stabilized and no α”-phase is 

present. This specimen has the lowest hardness value. With further increase of Zr content the hardness also 

increases. This is caused by solid solution strengthening effect of Zr that was reported by Prima et al. [8]. 

The increase between 4Zr and 8Zr is not so significant probably due to experimental scatter, but the trend of 

increasing hardness with increasing Zr content is evident (especially in HF specimens). Probably the effect of 

solid solution strengthening takes place also in 2Zr and 4Zr, but the decrease caused by microstructural 

changes is more significant and therefore the overall hardness decreased.  

4. CONCLUSIONS 

The influence of Zr addition on microstructure and mechanical properties of Ti-35Nb alloy was studied. On 

the basis of above mentioned results can be concluded that: 

a) In Ti-35Nb the Zr addition causes β-phase stabilization (Zr acts as β-stabilizer) 

b) Zr also causes grain refinement in this alloy in solution treated condition. 

c) Solid solution strengthening of Zr causes increase in hardness. On the other hand, suppression of α”-

phase formation causes decrease in hardness. 
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Abstract  

Porous biomaterials are used for implants to improve the osteo-integration and to achieve the mechanical 

properties closer to the human bone. In this work, conditions of the powder metallurgy process were 

optimized to obtain porous biomaterial. The effects of titanium particle size, pressure used for powder 

pressing and sintering temperature on the porosity and mechanical properties were determined. The most 

significant effect on the porosity was found in the case of the size of titanium particles. The addition of the 

pore-forming agent was also successfully tested. As the pore former, the water-soluble salt (NaCl) was 

applied. A mixture of titanium and salt was prepared, compressed and leached in distilled water. After that, 

sintering was carried out under the optimized conditions.  

Keywords: porous, titanium, biomaterial, implant 

1. INTRODUCTION 

Titanium and its alloys are commonly used in medicine as the implant materials. Due to excellent corrosion 

resistance and low density, their use concerns both orthopedics and dentistry. To improve osteo-integration, 

porous surface layers [1, 2] or bulk porous materials [3] are applied. The use of bulk porous materials also 

enables to adjust the mechanical properties to the values closer to the bone to prevent “stress shielding” [4]. 

Porous titanium alloys can be prepared by many way using both melting and powder metallurgy [5]. In 

melting metallurgy processes, porous material can be obtained by the addition of “foaming agent”, i.e. the 

compound that decomposes producing a gas. As the materials cools down during solidification, the solubility 

of the gas decreases. Evolved gas molecules produce pores in solidifying alloy. An example of kind of 

process is the addition of TiH2 to the melt [5]. However, this technology produces mainly closed pores with 

no surface contact. Due to this fact, it can help to adjust the mechanical properties of the implant but not to 

improve the interaction with the bone [5]. For this reason, powder metallurgy processes play an important 

role in this field. These technologies can be divided to two main groups - methods without pore-forming 

additives [6] and methods using space-holder agents [7]. When producing porous material without additives, 

partial sintering [6] or rapid prototyping [8] can be used. In the second group, space-holder agents are added 

to the titanium or alloy powder and compressed. After that, they are removed by thermal decomposition [7] 

or leaching in suitable agent [9]. 

In this work, the powder metallurgy processes were applied to commercial-purity titanium to obtain porous 

material. Partial sintering and the use of water-soluble space holder agent were tested.     

2. EXPERIMENTAL 

In the first part of the work, green bodies of titanium without additives were prepared using two fractions of 

titanium powder (spherical <10 µm and coarse irregular powder 200-600 µm, 99.5 wt. % purity) were 

applied. Green bodies were prepared by pressing at the room temperature by a pressure of 350 and 600 

MPa. Sintering temperature was 800 and 1100°C and duration was 5 h.  

mailto:panovak@vscht.cz
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In the second part of the work, the application of pore-forming agent was tested. The water soluble salt 

(NaCl) was used as a space-holder. Titanium powder was blended with sodium chloride and compressed at 

room temperature. NaCl was removed by leaching in distilled water prior sintering. 

Density of prepared samples was determined from samples weight and dimensions and also by image 

analysis of the samples’ micrographs. Compressive strength was measured by LabTest 5.250SP1-VM 

universal loading machine.  

3. RESULTS AND DISCUSSION 

In the first part of the work, the parameters affecting porosity of sintered titanium were determined. The 

dependence of the porosity on titanium particle size and pressure used during cold pressing is shown in Fig. 

1 and Table 1. It can be seen that the porosity of the material strongly increases with the size of the titanium 

particles and reduces with growing pressure used for cold pressing (Fig. 1, Table 1). The use of coarse 

particles also leads to the formation of larger pores with maximal percentage between 50 and 200 µm, see 

Fig. 2. On the other hand, sintering of compressed fine particles (<10 µm) results mainly in small pores 

between 0 and 100 µm. To improve the osteo-integration, the pores of 200 - 400 µm play the most important 

role due to the size of the bone cell. These pores can be found only in the material prepared from the coarse 

titanium powder (titanium particle size 200-600 µm), see Fig. 1b and Fig. 2. 

 

  

 

Fig. 1 Microstructure of titanium after sintering at 800 °C for 5 h a) Ti particle size >10 µm, pressure for cold 

pressing 600 MPa, b) Ti particle size 200 ÷ 600 µm, pressure for cold pressing 600 MPa, c) Ti particle size 

>10 µm, pressure for cold pressing 350 MPa 

The yield stress (Rp0.2) was found to reduce with decreasing pressure used for cold pressing strongly. The 

use of coarse titanium particles results in higher yield stress than lowering the pressure during pressing even 
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though the porosity of the sample with coarse titanium is higher (Table 1). It is probably caused by the 

preparation route of coarse titanium particles. Coarse titanium particles were prepared by mechanical 

machining without any lubricant. By this procedure, fresh surface with low amount of oxides can be 

prepared. On the other hand, commercial fine particles may oxidize strongly during the storage and 

manipulation due to high surface area. Yield stress of the porous material can be also improved by the 

application of higher sintering temperature (Table 1). 

 

Table 1 Dependence of porosity and yield strength in compression on preparation conditions 

Ti size 

 [µm] 

Temperature  

[°C] 

Pressure  

[MPa]  

w(NaCl)  

[wt.%] 

Porosity  

[vol.%] 

Rp0.2  

[MPa] 

<10 800 600 0 5.9 280 

200-600 800 600 0 46.2 230 

<10 800 350 0 42.0 195 

<10 1100 600 0 7.2 400 

<10 800 600 10 18.7 185 

<10 800 600 20 38.7 45 

<10 800 600 30 53.8 38 

 
Fig. 2 Pore size distribution in sintered samples vs. titanium particle size and pressure for cold 

pressing 

As the second step, the addition of pore-forming agent was tested. In this work, water-soluble salt (NaCl) 

was used as the space-holder. Powder mixture of titanium and NaCl was prepared and cold pressed. Before 

sintering, NaCl was removed by leaching in distilled water. The dependence of the porosity of sintered 

compacts on the weight fraction of NaCl is presented in Table 1 and Fig. 3. As expected, the porosity 

increases with growing amount of NaCl. The amount of desirable large pores above 200 µm increases 
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significantly by space-holder addition (Fig. 4). By this technique, the pore size can be controlled by the size 

of the NaCl particles. 

Addition of sodium chloride particles strongly reduces the yield stress from 280 MPa for pure sintered 

titanium to less than 40 MPa for the sample with 30 wt.% of titanium. This decrease is desirable since it 

brings the properties of titanium-based biomaterial closer to the properties of the human bones [10].  

 

  

 

Fig. 3 Microstructure of titanium after sintering at 800 °C for 5 h with the addition of a) 10 wt.% of NaCl, b) 20 

wt.% of NaCl, c) 30 wt.% of NaCl 
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Fig. 4 Pore size distribution in sintered samples vs. NaCl weight fraction 

4. CONCLUSION 

In this work, the parameters affecting the porosity of titanium were studied. The most crucial effect was found 

in the case of titanium particle size and pressure used for cold pressing prior sintering. To increase the 

porosity and to achieve the desired pore size distribution, the water-soluble pore-forming agent (NaCl) was 

applied. By the addition of NaCl, pore fraction and size as well as mechanical properties of resulting material 

can be controlled. 
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Abstract 

Beta titanium alloys are promising materials for load-bearing orthopaedic implants due to their excellent 

corrosion resistance and biocompatibility, low elastic modulus and moderate strength. Metastable β-Ti alloys 

are hardenable via precipitation of α phase; however this has the adverse effect on elastic modulus. Small 

amounts of Fe (0 ÷ 2 wt.%) and Si (0 ÷ 1 wt.%) were added to Ti-Nb-Zr-Ta biocompatible alloy. SEM 

observations showed that Si content inhibits the grain growth during β annealing. Coarse and fine silicide 

particles were observed using scanning electron microscopy. Fe and Si additions cause an increase in 

elastic modulus from 65 GPa to 85 GPa, which is still much lower than that of commonly used Ti-6Al-4V 

alloy. Fe additions and also Si additions cause a significant increase in microhardness. High temperature 

annealing enhances the positive effect of Si content on microhardness due to higher solubility of Si in β Ti 

matrix. Alloy with composition TNTZ+2Fe+0.5Si proves optimal combination of elastic modulus and 

hardness. 

Keywords: titanium alloys, biomedicine, elastic modulus, hardening  

1. INTRODUCTION 

For several decades, titanium alloys have been the mostly used material for load-bearing orthopaedic 

implants [1]. Unique combination of properties includes extreme corrosion resistance, relatively high 

strength, sufficient biocompatibility and moderate elastic modulus [2]. Commercially pure titanium is used in 

some orthopaedic applications. However, limited strength (up to 500 MPa) disallows using commercially pure 

titanium as a material for orthopaedic endo-prostheses, which constitute the majority of the market of metallic 

implants. The most commonly used is still one of the oldest Ti alloys - Ti-6Al-4V that belongs to α + β alloys. 

Despite generally good properties of this alloy, there are several limitations. Special concern relates to the 

presence of vanadium that is considered as toxic element. Similar α + β Ti alloy Ti-6Al-7Nb has been 

developed to avoid the adverse effect of vanadium [3]. However, another principal adverse property is too 

high elastic modulus (around 115 GPa for both Ti-6Al-4V and Ti-6Al-7Nb alloys) that is much higher than 

that of cortical bone (10 ÷ 30 GPa). Too high elastic modulus causes stress shielding and consequent 

osteoporosis that results in decreased life-time of orthopaedic implant. On the other hand too low elastic 

modulus causes large amounts of shear motion between stem and bone leading to the formation of fibrous 

tissue and failure [4]. 

1.1 Metastable β-Ti alloys 

Metastable β-Ti alloys have been developed since 1960s [5]. The dominant area of application is the 

aerospace industry. However, in the last two decades, specialized biocompatible alloys have also been 

developed. Metastable β-Ti alloys consist of pure β phase after quenching from temperature above β-transus 

(typically around 600 ÷ 800 °C). Upon annealing under β-transus temperature, stable α phase precipitates. 

mailto:josef.strasky@gmail.com
mailto:janecek@met.mff.cuni.cz
mailto:harcuba.p@gmail.com
mailto:ml@it.cas.cz
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Several unstable phases may also be formed in this type of alloys. Omega phase is formed in less stabilized 

β alloys upon annealing under low temperatures (typically around 300 ÷ 400 °C) and is a precursor of 

subsequent α precipitation. Omega phase particles are very small (~ 10 nm) and causes sharp increase of 

elastic modulus. Omega phase formation should therefore be avoided when low elastic modulus is a concern 

[6]. Another unstable phase is martensitic α’’ phase. This phase exists in some type of metastable β alloys 

that are even less stabilized by β stabilizing elements. Alpha’’ phase can be formed martensitically upon 

quenching. However, it might also be formed during deformation - so-called stress induced martensite (SIM). 

This effect leads to pseudo-elasticity and also shape memory effect [7,8]. Pseudo-elasticity further 

decreases the elastic modulus, but its utilization in orthopaedic implants is questionable.  

1.2 TNZT alloy 

Ti-35Nb-7Zr-5Ta (TNZT) alloy was used as a benchmark material in this study. The alloy was developed in 

1990s in USA and patented in 1998 [9]. The TNZT alloy contains only biocompatible element and at room 

temperature when water quenched from temperature above β-transus it consists of β phase only. In this 

condition, the elastic modulus is as low as 55 GPa. The considerable disadvantage is relatively low strength 

of this alloy that is around 550 MPa, depending on oxygen content [10]. The strength can be significantly 

improved by omega phase formation and subsequent α precipitation. Nevertheless, elastic modulus is 

increased to above 100 GPa that is similar to common α + β alloys. The purpose of this study is to employ 

small Fe and Si additions in order to harden TNTZ alloy without excessive increase of elastic modulus. 

1.3 Fe and Si additions 

Iron is a strong β stabilizer and even low content causes hardening of α alloys via clustering and stabilization 

of β phase and in β alloys via simple solution strengthening [11]. On the other hand, Si has very low solubility 

in both α and β phases and contributes to hardening via creation of dispersed precipitates Ti5Si3. Moreover, 

in alloys containing Zr even more stable (Ti,Zr)5Si3 compound is formed [12]. Si content of 0.2 ÷ 0.4 wt.% is 

often utilized in high-strength and high-temperature alloys in aerospace industry in order to increase the 

strength and to suppress excessive creep [13,14]. Combined effect of Fe and Si has been explored by Lee 

et al. [15]. According to this study, Si content increases the strength up to 2 wt.% and the most pronounced 

increase is achieved already for 0.5 wt.% content. On the other hand, Si content in excess of 1 wt.% reduces 

elongation drastically. Fe additions above 2 wt.% increase the strength substantially. As a result, combined 

alloying by Fe and Si leads to higher strength levels. However, this cited study by Lee et al. [15] considers α 

phase only. Kim et al. [16] studied Ti-(18÷28)Nb-(0.5÷1.5)Si metastable β Ti alloys. They reported that Si 

content up to 1 wt.% decreases elastic modulus down to 48 GPa. However, this fact is related to a particular 

degree of β stabilization and α’’ phase formation rather than to a special effect of Si.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

Six different alloys were proposed and manufactured. Alpha TNZT alloy with chemical composition 51.7Ti-

35.3Nb-7.3Zr-5.7Ta (wt.%) or 68.7Ti-24.2Nb-5.1Zr-2.0Ta (at.%) was used as a benchmark. The following 

scheme describes the six tailored alloys utilizing 0-2 wt.% Fe additions and 0 ÷ 1 wt.% Si additions: 

1 - TNZT   4 - TNZT + 0.5 % Si + 1 % Fe 

2 - TNZT + 1 % Si  5 - TNZT + 0.5 % Si + 2 % Fe 

3 - TNZT + 2 % Fe  6 - TNZT + 1 % Si + 1 % Fe 

All alloys were prepared by arc melting of pure elements under low pressure of clean He atmosphere (35 

kPa). Each part of the sample was remelted at least six times by electric arc to ensure the homogeneity. 

Samples of approximate weight of 200 g were homogenized at 1400 °C for two hours and furnace cooled. 

Material was then forged using forging hammer into shape of rods with diameter of 14 mm. Material was 

heated to approximately 1100 °C before forging; however, the forging temperature was not controlled. 
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Finally, samples were sealed into quartz tube and β solution treated at 1150 °C/2h followed by water 

quenching. Such a high temperature was chosen to ensure full recrystallization that is incomplete after 1000 

°C/2h [17] and that should be above the solvus of silicide particles as reported by Ankem et al. [12] 

Samples for microstructure observations were carefully polished using SiC abrasive papers. Subsequently, 

three step procedure using alumina (0.3 μm and 0.05 μm) and colloidal silica on vibratory polisher (Buehler - 

Vibromet) was employed to obtain as clean surface as possible. 

Elastic modulus was measured on 3 mm thick samples using pulse-echo method [18]. Extensive SEM 

observations were performed at scanning electron microscope FEI Quanta 200F with FEG cathode at the 

accelerating voltage of 20 kV and EDX analyzer. Microhardness was measured using semi-automatic 

microhardness tester Leco using Vickers indentor and load of 300 g.  

3. RESULTS 

3.1 SEM observations 

Figs. 1-6 show the observations of the microstructure of all prepared alloys. The origin of the contrast is so-

called channeling contrast. The microstructure is therefore visible thanks to different orientations of individual 

grains. Microstructure of alloys without Si content (Figs. 1 and 3) is very coarse with grain  

sizes > 100 mm. Iron content does not have any observable effect on the grain size. On the other hand, Si 

serves as grain growth inhibitor. The grain size decreases with increasing Si content (compare Figs. 4 and 5 

to Figs. 2 and 6). The mechanism of grain growth suppression is via underpinning of grain boundaries with 

intermetallic precipitates. Those intermetallic precipitates appear as small black dots in Figs 2, 4, 5 and 6. It 

is known, that the composition of intermetallic silicides in Ti alloys containing zirconium is (Ti,Zr)5Si3 [12]. 

  
 Fig. 1 TNZT alloy     Fig. 2 TNZT-1Si 

  
 Fig. 3 TNZT-2Fe    Fig. 4 TNZT-1Fe-0.5Si 
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 Fig. 5 TNZT-2Fe-0.5Si    Fig. 6 1Fe-1Si 

 

 Table 1 Chemical composition according to EDX 

   Fig. 7 TNTZ-2Fe-0.5Si -EDX analysis 

3.2 EDX measurements 

Fig. 7 is a detail backscatter electron image of area close to the surface of the as-forged rod. Surface areas 

of rods cooled below β-transus temperature during forging. We can therefore observe two types of particles. 

First, α phase particles that appear as almost black dots and second, silicide particles that appear as darker 

gray dots in this detail image. 5 particles were chosen for chemical analysis employing EDX. Particles 1 -3 

are α phase particles, whereas particles 4 and 5 are silicides. Results of measurements by EDX are 

summarized in Table 1. Alpha phase particles are significantly titanium enriched since all other elements are 

β stabilizers that are rejected form the α phase. Silicide particles are obviously Si enriched, but also 

significantly Zr enriched suggesting that Zr is dominant element in these intermetallic particles at the extent 

of Ti. Note that EDX results cannot be taken quantitatively, but serve only for comparison purposes. 

Moreover incident area is bigger than some of the particles and therefore presented composition is not solely 

a composition of the particle.  

3.3 Elastic modulus and microhardness| 

Elastic modulus of all alloys was measured by pulse-echo method for as-forged and β solution treated 

conditions. Results are shown in Fig. 8. Elastic modulus of basic TNTZ alloy is around 65 GPa, which is in 

accordance with literature [9]. Elastic modulus increases with increasing Fe and Si content. The highest 

elastic modulus is observed for TNTZ+2Fe+0.5Si alloy, however, the value of 85 GPa is still significantly 

lower than that of commonly used Ti-6Al-4V alloy. No systematic difference between as-forged and as-

annealed conditions was observed. 
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 Fig. 8 Elastic modulus measurements   Fig. 9 Microhardness evaluation 

Fig. 9 shows the results of microhardness measurements for as-forged condition and for material quenched 

after 2 hours annealing at 1000 °C and 1150 °C. The microhardness of basic alloy is comparatively low. Fe 

and Si additions are capable to more than double the microhardness in β solution treated condition. Fe 

additions and Si additions increase microhardness, but Si content above 0.5 wt.% is adverse. The highest 

microhardness is achieved for TNTZ+2Fe+0.5Si alloy.  

Microhardness of alloys without Si content does not depend on the temperature of β annealing. On the other 

hand, higher temperature of annealing leads to increased microhardness of alloys with Si content. It is 

suggested that more Si atoms are dissolved in the matrix causing either solid solution hardening or creating 

higher density of tiny precipitates upon quenching. Microhardness of Ti alloys with sufficient Si content can 

therefore be increased by β solution treatment at high temperature.  

4. CONCLUSION 

Following conclusions can be drawn from this investigation: 

 Si content causes creation of intermetallic silicide particles that suppress grain growth 

 Silicides particles are significantly Zr enriched 

 Fe and Si additions increase elastic modulus. Maximum achieved elastic modulus was 85 GPa, 

which is much lower than elastic modulus of common Ti-6Al-4V alloy (115 GPa) 

 Hardness of TNTZ alloy can be more than doubled when employing small Fe and Si additions 

 Alloy with composition TNTZ+2Fe+0.5Si proves optimal combination of elastic modulus and 

hardness 

ACKNOWLEDGEMENT 

Financial support by the Czech Science foundation under grant P107/12/1025 and by the Ministry of 

Education, Youth and Sports under the project KONTAKT II LH 12217 is gratefully acknowledged. 

Partial support by project SVV-2013-267303 is also acknowledged. 

LITERATURE 

[1] GEETHA, M., SINGH, A.K., ASOKAMANI, R., GOGIA, A.K. Ti based biomaterials, the ultimate choice for 

orthopaedic implants - A review. Prog. Mat. Sci., 2009, vol. 54, pp. 397-425. 

[2] LEYENS, C., PETERS, M. (Eds.) Titanium and Titanium Alloys. WILEY-VCH Verlag, 2003. 

[3] KATTI, K. Biomaterials in total joint replacement, Col and Surf B. Biomat, 2004, vol. 39, pp. 133-142. 

[4] NIINOMI, M. Mechanical biocompatibilities of titanium alloys for biomedical applications. J. Mech. Behav. Biomed. 

Mat, 2008, no. 1, pp. 30-42. 

[5] LUTJERING, G., WILLIAMS, J.C. Titanium. Springer-Verlag, Berlin, Heidelberg, 2003, 2007. 

tel:2013-267303


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1312 

[6] TANG, X., AHMED, T., RACK, H.J. Phase transformations in Ti-Nb-Ta and Ti-Nb-Ta-Zr alloys. J. Mat. Sci., 2000, 

vol. 35, pp. 1805-1811.  

[7] ZHOU Y.L., NIINOMI, M., AKAHORI T. Decomposition of martensite α’’ during aging treatments and resulting 

mechanical properties of Ti-Ta alloys. Mat Sci Eng, 2004, vol. 384, pp. 92-101. 

[8] TANE, M., AKITA, S., NAKANO, T., HAGIHARA, K., UMAKOSHI, Y., NIINOMI, M., MORI, H., NAKAJIMA. H. Low 

Young´s modulus of Ti-Nb-Ta-Zr alloys caused by softening in shear moduli c’ and c44 near lower limit of body-

centered cubic phase stability. Acta Mat, 2010, vol. 58, pp. 6790-6798. 

[9] AHMED T., RACK, H.J. Low modulus biocompatible titanium base alloys for medical devices. United States 

Patent, 1999, 5, 871, 595.  

[10] QAZI, J.I., MARQUARDT, B., ALLARD, L.F., RACK, H.J. Phase transformation in Ti-35Nb-7Zr-5Ta-(0.06-0.68)O 

alloys. Mat Sci Eng, 2005, vol. 25, pp. 389-397. 

[11] IBRAHIM, K., MHAEDE M., WAGNER, L. Effect of Annealing Temperature on Microstructure and Mechanical 

Properties of Hot Swaged cp-Ti Produced by Investment Casting. J Mat Eng Perform, 2012, vol. 21, pp. 114-118.  

[12] ANKEM, S., BANERJEE, D., McNEISH, D.J., WILLIAMS, J.C., SEAGLE, S.R. Sillicide Formation in Ti-3Al-8V-

6Cr-4Zr-4Mo. Metal. Trans., 1987, vol. 18, pp. 2015-2025. 

[13] COLLINGS, E.W. Materials Properties Handbook: Titanium Alloys. ASM International, 1994. 

[14] CHAUDHURI, K., PEREPEZKO, J.H. Microstructural Study of the Titanium Alloy Ti-15Mo-2.7Nb-3Al-0.2Si 

(TIMETAL 21S). Metal and Mat Trans, 1994, vol. 25, pp. 1109-1117. 

[15] LEE, D.B., PARK, K.B., JEONG, H.W., KIM, S.E. Mechanical and oxidation properties of Ti-xFe-ySi alloys. Mat 

Sci Eng, 2002, vol. 328, pp. 161-168. 

[16] KIM H.-S., KIM, W.-Y.,LIM, S.-H. Microstructure and elastic modulus of Ti-Nb-Si ternary alloys for biomedical 

applications. Scripta Mat, 2006, vol. 54, pp. 887-891. 

[17] ELIAS, L.M., SCHNEIDER, S.G., SCHNEIDER, S., SILVA H.M., MALVISI, F., Microstructural mechanical 

characterization of biomedical Ti-Nb-Zr(-Ta) alloys. Mat Sci Eng, 2006, vol. 432, pp. 108-112. 

[18] LANDA, M., PLESEK, J., Contrast enhancement of ultrasonic imaging of internal stresses in materials. 

Ultrasonics, 2002, vol. 40, pp. 531-535. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1313 

TRIBOLOGICAL PROPERTIES OF Ti-Si-Zr ALLOYS  

Sergey TKACHENKOa, Oleg DATSKEVICHb, Leonid KULAKb, Håkan ENGQVISTc, 

Cecilia PERSSONc 

a Brno University of Technology, Brno, Czech Republic, EU 
b Frantsevich Institute for Problems of Materials Science, Kyiv, Ukraine 

c Uppsala University, Uppsala, Sweden, EU 

Abstract  

Nowadays titanium alloys are extensively used for aerospace and biomedical applications. However, despite 

good mechanical properties and excellent corrosion resistance they possess poor wear resistance and a 

tendency to galling and seizure. In this study the tribological properties of experimental Ti-Si-Zr based alloys 

were studied using a standard ball-on-disc wear testing system. The wear and friction tests were conducted 

in bovine serum solution under room temperature using silicon nitride balls as counter-bodies. 

Measurements of friction coefficients and volumetric wear rates were made and microscopic investigations of 

the wear tracks were performed along with examination of structure and properties using light microscopy, 

XRD, SEM and hardness testing.  

Keywords: Ti-Si-Zr alloys, ball-on-disc rig, friction and wear, titanium alloys 

1. INTRODUCTION 

Titanium alloys are widely used for aerospace and biomedical applications due to their remarkable 

combination of high specific strength, good fatigue resistance, relatively low Young modulus, good 

biocompatibility and excellent corrosion resistance. However, they possess a low wear resistance, high 

friction coefficients when worn against metallic and ceramic counter bodies and disposition to galling and 

seizure [1-4]. A multitude of surface-engineering techniques have been used to increase the wear and 

friction properties of titanium alloys, including ion implantation, plasma spray coating, nitriding, oxygen 

diffusion hardening, carburization or boriding [5-7]. These methods permit to obtain a high surface hardness 

and significantly reduce the wear intensity and coefficient of friction of the titanium substrate; however, there 

are several drawbacks, such as poor adhesion of coatings to the substrate and presence of high inner 

stresses. Thus, the development of new titanium-based materials with enhanced tribological properties is of 

great importance. 

Silicon has traditionally been used as an alloying element to increase the high-temperature strength and heat 

resistance in some titanium alloys for aerospace applications. However, the silicon content in commercial 

titanium alloys has not exceeded its solubility range in α-titanium (up to 0.4 wt.%) due to the risk of a 

decrease in ductility [8]. Earlier studies showed that the complex alloying of titanium with silicon (~2.5 wt.%) 

and some other elements (zirconium, aluminum, niobium, molybdenum) in combination with strengthening 

heat treatment offer a promising way to significantly increase the hardness and strength [9, 10]. According to 

Archard’s law [11], materials with high hardness potentially possess a better wear resistance compared to 

softer materials. Thus, it was hypothesized that water-quenched Ti-Si-based alloys with high hardness and 

martensitic structure may offer enhanced tribological properties. The purpose of this study was to evaluate 

the friction and wear properties of some experimental Ti-Si-Zr alloys and compare with those of a 

commercial Ti-6Al-4V alloy and Co-Cr alloys, which are traditionally used as biomaterials.  
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2. MATERIALS AND METHODS 

For this study several experimental titanium alloys composed of non-toxic elements like silicon and zirconium 

were designed [12]. Also an alloying with palladium was used for one of the alloys, since palladium is known 

to significantly increase the resistance of titanium to crevice corrosion [13], being a possible advantage in a 

biologically active environment. The following titanium alloys were studied: Ti-1.25Si-5Zr, Ti-2.5Si-5Zr, Ti-

6.0Si-5Zr and Ti-2.5Si-5Zr-0.2Pd (alloy compositions are denoted in wt.%). Ingots of alloys of approximately 

900 g weight and 55 mm in diameter and 65 mm high were melted using an argon arc furnace with a non-

consumable tungsten electrode in water-cooled copper hearth. The initial materials were iodine titanium, 

iodine zirconium and pure silicon and palladium. Weight changes resulting from melting were small (±0.05 

%), so the compositions of alloys were taken as those calculated from the weights of the components. Ingots 

were remelted six times to ensure compositional homogeneity.  

Ingots of Ti-1.25Si-5Zr, Ti-2.5Si-5Zr and Ti-2.5Si-5Zr-0.2Pd alloys were then deformed at 900 °C through 

upset forging with a deformation degree of 60 %. Then ingots of all alloys were heated at 800 ˚C for 3 hours 

and cooled to room temperature within the furnace.  

Plates for wear testing of dimensions 20×45×5 mm were cut from the ingots. The plates of Ti-1.25Si-5Zr, Ti-

2.5Si-5Zr and Ti-2.5Si-5Zr-0.2Pd alloys were placed in silica tubes under argon atmosphere, heated up to 

1300 °C and homogenized for 0.5 h and subsequently quenched in a 10 %-NaCl water solution. Plates of 

similar size were also cut from cast CoCr F75 alloy (Sandvik AB, Sweden), forged CoCr F799 alloy 

(Stainless, France) and commercially available Ti-6Al-4V alloy (Edstraco, Sweden), for use as reference 

materials. All plates were ground with SiC paper of 120, 320, 500, 800 and 1200 grit and polished with 6; 3; 

1 μm diamond suspension to achieve minimal surface roughness (Ra). 

Microstructural analysis was conducted using light microscopy (Olympus AX70), scanning electron 

microscopy (LEO 440 SEM, Carl Zeiss) and X-ray diffractometery (D5000, Siemens). Light and SEM 

micrographs were analysed using MVision software (LK, India). The roughness of the samples was 

measured with a vertical scanning interferometer (Wyko NT-110, Veeco Instruments Inc). The hardness of 

the samples was measured with a Vickers indenter under a load of 100 g. 

Friction and wear tests were performed using a ball-on-disc system in a 25 % fetal serum solution with 

additions of sodium azide and ethylenediaminetetraacetic acid in accordance with standard ASTM, F732-00 

[14]. The metal plates were run against 6 mm balls of silicon nitride (Specuma, Sweden, Ra ~ 45 ± 8 nm), 

which was chosen as counter-body material due to its recent evaluation as bearing surface in hip joints [15], 

having a high hardness and strength, excellent corrosion and wear resistance. Wear tracks of 5 mm 

diameter were used and 2 ÷ 4 tracks were made on each sample. Sliding speed was 0.04 m/s and the total 

sliding distance was up to 1.024·105 cycles. A constant normal load of 0.5 N was applied to each specimen 

to achieve a maximum Hertzian contact pressure of 0.63 MPa according to Johnson’s theory [16]. The 

coefficient of friction μ was calculated as the relation of the tangential friction force (FF) to the normal load 

(FN). The wear of the materials was quantified in terms of the specific wear rate, determined as the wear 

volume normalized by the applied load and the sliding distance of the pin. The wear volumes were calculated 

from the worn cross-sectional areas of the wear tracks measured with the optical profiler. 

3.  RESULTS AND DISCUSSION 

The water-quenched Ti-1.25Si-5Zr, Ti-2.5Si-5Zr and Ti-2.5Si-5Zr-0.2Pd alloys revealed a microstructure of a 

plate-like martensite (Fig. 1 a-c) of large grains with average sizes of ~ 1030 ± 220, 230 ± 140 and 660 ± 

290 μm respectively. The Ti-2.5Si-5Zr alloy also contained silicide particles, located at grain boundaries as 

well as inside grains (Fig. 1 b). The phase composition of the Ti-1.25Si-5Zr alloy was represented by a 

martensitic α - phase with HCP lattice, while alloys Ti-2.5Si-5Zr and Ti-2.5Si-5Zr-0.2Pd had an α - 

martensitic structure with orthorhombic lattice. The Ti-6.0Si-5Zr alloy demonstrated a typical hypo-eutectic 
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microstructure of α-titanium matrix and interdendritic eutectic silicide phase of Ti5Si3-type (Fig. 1 d). No 

retained β-phase was detected. 

CoCr F75 alloy had a microstructure of large grains of about 110±30 μm size with intergranular carbide 

phase, while the structure of CoCr F799 alloy consisted of small grains of 4 μm average size and fine 

carbide particles on grain boundaries. Microstructure of the Ti-6Al-4V alloy was two-phase of fine α-phase 

grains of 5 μm average size with β-phase interlayers. The microstructure appearances and phase 

compositions were typical for these commercially available alloys [1, 15].  

  

  

Fig. 1 Microstructure of (a) Ti-1.25Si-5Zr, (b) Ti-2.5Si-5Zr, (c) Ti-2.5Si-5Zr-0.2Pd, (d) Ti-6.0Si-5Zr alloys 

(SEM) 

Water-quenched Ti-Si-Zr alloys had a higher hardness compared to Ti-6Al-4V and CoCr alloys due to the 

fine martensitic structure and solid solution strengthening with silicon and zirconium. The hypo-eutectic Ti-

6.0Si-5Zr alloy had the lowest hardness among all materials due to the soft α-titanium matrix. Polished 

samples of CoCr F799 and Ti-6Al-4V alloys had the smoothest surfaces due to their fine grain size. Samples 

of CoCr F75, Ti-1.25Si-5Zr, Ti-2.5Si-5Zr, Ti-2.5Si-5Zr-0.2Pd alloys had a higher roughness due to 

differences in polishing properties between matrix and intergranular carbides for CoCr F75 and between 

adjacent grains for titanium alloys. The Ti-6.0Si-5Zr alloy had the roughest surface due to differences in 

polishing properties between the soft matrix and the eutectic phase. 

Friction tests showed that coefficients of friction depended more on structural peculiarities of materials than 

on surface roughness. All friction curves had two distinguishable periods: a wear-in period, where the 

coefficient of friction monotonously increased (for both CoCr alloys) or decreased (for all titanium alloys) and 

a plateau phase, where friction was nearly stable. Friction curves of all titanium alloys except Ti-6.0Si-5.0Zr 

alloy had a multitude of peaks indicating a possible materials transfer and interaction between mating 

surfaces. This was confirmed by the SEM investigations of wear tracks on metal plates and wear marks on 

silicon-nitride balls. The Ti-6.0Si-5.0Zr alloy had the lowest coefficient of friction, despite the presence of 

material transfer between silicon nitride balls and the sample, confirmed by SEM.  
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Table 1 Hardness and roughness parameters of the alloys 

Alloy Hardness [GPa] 
Mean roughness Ra, 

[nm] 

Ti-1.25Si-5Zr 3.5 ± 0.1 28 ± 5 

Ti-2.5Si-5Zr 5.6 ± 0.2 33 ± 10 

Ti-6.0Si-5Zr 2.4 ± 0.1 122 ± 29 

Ti-2.5Si-5Zr-0.2Pd 4.1 ± 0.1 22 ± 13 

CoCr ASTM F75 3.3 ± 0.1 19 ± 2 

CoCr ASTM F799 3.5 ± 0.1 5 ± 1 

Ti-6Al-4V 3.3 ± 0.1 12 ± 3 

 

 

Fig. 2 Coefficient of friction as a function of the number of revolutions in the ball-on-disc test for (a) Co-Cr 

F75, Co-Cr F799, Ti-6Al-4V and Ti-2.5Si-5Zr-0.2Pd alloys and (b) Ti-1.25Si-5Zr, Ti-2.5Si-5Zr and Ti-6Si-5Zr 

alloys 

The wear tracks on CoCr F75 and CoCr F799 had the smallest depth and width and the wear was 

accomplished mostly by mechanical wear (Fig. 3 a). On the contrary, the wear tracks on the Ti-6Al-4V and 

the Ti-Si-Zr alloys were non-uniform and had continuous sliding marks with plastically deformed scratches 

and grooves, with a lot of pits and sections of smeared material (Fig. 3 b). Analysis of silicon nitride balls slid 

against CoCr alloys did not show any visible sign of material transfer from the plates to the balls, while balls 

slid against all titanium alloys showed signs of extensive material transfer and wear spots were of oval shape 

and significantly larger than that for CoCr alloys. Such a behavior along with appearances and topography of 

the wear tracks and the results for the coefficients of friction indicated that the predominant mechanism of 

wear for all titanium alloys was adhesive, while for CoCr alloys it was abrasive. 

Analysis of the wear loss showed that the Ti-Si-Zr alloys with higher hardness did not show any advantages 

in wear performance in comparison to the softer materials. Ti-Si-Zr alloys had 2-7 times smaller weight loss 

compared to those of commercial titanium Ti-6Al-4V alloy, however, both CoCr F75 and CoCr F799 

presented the least amount of wear among all studied materials. The Ti-6.0Si-5Zr alloy had the least wear 

among the titanium alloys. Obviously, higher wear loss of titanium materials was determined by adhesive 

interaction between the investigated materials and the silicon nitride balls. 
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Fig. 3 Typical SEM appearances of the wear-tracks on the (a) CoCr alloys (CoCr F799) and (b) titanium 

alloys (alloy Ti-1.25Si-5.0Zr with 67° sample tilt) 

 
Fig. 4 Optical profile images of worn discs and the calculated specific wear rates. The z-scale is magnified 

10 times compared to the x and y scales 

CONCLUSIONS 

 Ti-Si-Zr alloys with higher hardness did not show any advantages in better wear resistance than softer 

CoCr F75 and CoCr F799 alloys, but they demonstrated 2 ÷ 5 times lower wear than commercial 

titanium Ti-6Al-4V; 

 The weight losses and coefficients of friction of the experimental Ti-Si-Zr alloys slid against silicon 

nitride balls were 2-7 times lower compared to that of commercial Ti-6Al-4V alloy; 
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 The alloy Ti-6.0Si-5Zr had the lowest coefficient of friction among all materials and the lowest wear 

intensity among titanium alloys; 

 The predominant mechanism of wear was adhesive for all titanium alloys, while for CoCr alloys it was 

abrasive. 
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Abstract  

In this study, new ultra-high strength Ti-alloys composing low cost common metals (i.e., Fe, Mn, Al, and Sn) 

are developed. In the present new alloys, the beta-phase was the predominant phase in the annealed 

condition and showed moderate tensile strength (UTS) in the range of 800 ÷ 950 MPa where the fracture 

strain was below 4 %. After sever cold rolling followed by aging treatments, the UTS of the alloys were 

greatly increased and achieved values higher than 1900 MPa where the elongation was less than 1 %. 

Further increase in the ductility of the alloys is possible with the proper heat treatments on the expense of 

the strength. The ultra-high strength of the present new Ti-alloys make them competitive to high specific 

strength alloys because of its good cold workability and low cost. 

Keywords: Ti-alloys, high strength, low cost, thermomechanical treatments 

1. INTRODUCTION  

Broad applications of metastable -titanium alloys have been found in aircraft and automotive industries 

because of their highly attractive mechanical properties, such as high strength, low density, and high fracture 

toughness [1]. For example, the ultimate tensile strength (UTS) of the -21S titanium alloy exceeds 1400 

MPa along with good ductility [2]. Alloys designers have directed their efforts towards increasing the strength 

and/or decreasing the density of the materials used in manufacturing the automotive parts, in order to 

increase their specific strength. New alloys with higher specific strength are the candidate for future 

automotive industry as they show the greatest potential to reduce weight, save fuel, enhance performance of 

the future vehicle and therefore will lessen environmental impact. 

Also, great attention has been directed towards the design of novel type Ti-based alloys for biomedical 

applications aimed at providing structural materials with a good corrosion resistance, high strength, good 

ductility, low Young’s modulus, excellent wear resistance, low cytotoxicity, and negligible tendency to 

provoke allergic reactions. For example, TNTZ alloy [3] and GUM metals [4][4] were developed. These alloys 

performed high strength, moderate elongation, and hardness by controlling the chemical composition and 

microstructure. However, these alloys contain a large amount of high melting point and high cost rare metals 

such as Nb, Ta, V, and Mo leading to the fabrication difficulty.  

Therefore, it is desired to develop high strength type titanium alloys composing low cost common metals 

such as Mn, Fe, Al or Sn so as to be applicable as high strength structural materials and at the same time for 

the biomedical applications [5,6]. 

In this study, new ultra-high strength type Ti alloys composing of low cost common metals are developed. 

2. EXPERIMENTAL WORK 

Three studied type Ti-based alloys namely alloys 1, 2, and 3 (nowadays subject of patenting) are 

composed of the low cost common metals such as Mn, Fe, Al and Sn. The specimens were annealed at 

1173 K for 2 ks (AN hereafter). Some of the AN specimens were cold rolled to 30 %, 60 %, and 90 % 
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(110) (200) (211) 

reduction ratio (CR hereafter). The alloys 

were then aged at different temperatures 

and times. Phase identification was 

performed by X-ray diffraction (XRD) on 

bulk samples at room temperature, using 

the copper K radiation. The sample 

density, , was measured by the 

hydrostatic weighting technique inside 

distilled water using an analytic scale 

with 10−4 g of precision. The Vickers 

micro-hardness of specimens was 

measured under 1 kg load. The tensile 

test was carried out with the specimens 

where the cross head strain rate fixed at 

1.6x10-4 s-1.  

3. RESULTS AND DISCUSSION 

The alloys have different contents of the low cost β-stabilizing elements. The Molybdenum equivalent index 

([Mo]eq) [7], which is defined as [Mo]eq = 1.00Mo + 0.28Nb + 0.22Ta + 0.67V + 1.60Cr + 2.90Fe + 1.7Mn - 

1.00Al - 0.34Sn, is used as a measure of the degree of -phase stability of the alloys. The [Mo]eq of alloy 1, 

alloy 2 and alloy 3 are 20.4, 23.8, and 27.4, respectively. Therefore, it is expected that the degree of β-phase 

stability is increasing in the order of alloy 3 > alloy 2 > alloy 1. Fig. 1 shows the XRD patterns of the new Ti-

alloys. As shown in this figure, the β-phase retained by quenching from the β-phase zone (i.e. 1173 K) and 

the β-phase became predominant in both alloys. Neither -phase nor athermal ω-phase were detected by 

XRD. This confirms that the present alloys are classified as β-type Ti-alloys.  

The mechanical properties and density of the present alloys in comparison with some selected commercial 

alloys (namely; Ti-6Al-4V (Ti64),Ti-5Al-1V-1Sn-1Zr-0.8Mo (Ti5111), Al-5.8Zn-2.3Mg-1.4Cu (Al7075-T6), and 

high strength low allow steel, Fe-3.5Ni-1.5Cu-1Mn-0.6Cr-0.6Mo, (HSLA100) are presented in Table 1 [8, 9].  

The density of alloys 1, 2 and 3 is a typical level of -type Ti-alloys; however, it is slightly higher than the 

average of -type Ti-alloys due to higher content of alloying elements. The strength of the present new 

alloys is higher than the other high strength steel, Ti-, and Al-alloys, as shown in Table 1. 

Therefore, the specific strength (ultimate tensile strength / density) is high and comparable to Ti64 and 

Al7075-T6, those commercial high strength alloys, whereas the elongation of alloys 1, 2 and 3 is low, 

which limits their range of applications. 

Table 14 Mechanical and physical properties of the new alloys 1, 2 and 3 in comparison with Ti, Al, and steel 

alloys [8, 9]. 

 
Alloys 1-3 

(AN) 
Ti5111 Ti64 Al 7075-T6 HSLA100 

Ultimate tensile strength 
(MPa) 

800 ÷ 926 690 827 503 690 

Density (g/cm3) 4.6 ÷ 4.9 4.4 4.4 2.8 7.8 

Elongation to fracture (%) 2 ÷ 4 15 14 11 11 ÷ 13 

Strength/Density 166 ÷ 192 156 187 179 88 

 

Fig. 1 XRD patterns of Alloys 1, 2 and 3 in the AN condition 
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Most of -type Ti-alloys is cold workable and 

show remarkable hardening by cold deformation. 

Interesting is that alloys 1, 2 and 3 are also cold 

workable and showed extensive hardening effect 

by cold deformation. Fig. 2 shows is the change 

in Vickers hardness of alloys 1, 2 and 3 with cold 

rolling. 

It is observed that the hardness of the alloys is 

greatly increased with cold rolling. 90 % cold 

rolling (90CR) almost doubled the hardness of 

Alloy 2. This is a unique work hardening effect 

observed in the present alloys. Also, it is 

observed that the hardness of the alloys is 

increasing with increasing the -phase stability 

presented by its [Mo]eq index. This goes in 

accordance with what was reported in a previous 

work for other single -phase alloys [10, 11]. It 

was reported that the strength and hardness of 

single -phase alloys are increasing with 

increasing the -phase stability. 

The extensive increase in work hardening in the 

present alloys by cold working will greatly increase 

its tensile strength after sever plastic deformation. 

For example, after 60 % cold rolling, Alloy 1 

showed ultimate tensile strength (UTS) of 1599 

MPa and elongation of 1.8 %. Also, after 90 % cold 

rolling, alloy 2 showed UTS of 1910 MPa and 

elongation of 1.4 %. The UTS of the present alloys 

have raised so much to levels above any other Ti-

alloys. However, the elongation of the present 

alloys is very low that limits its application, 

therefore, the elongation should be improved 

without much deterioration of the strength. Aging 

those -type alloys after sever plastic deformation 

was reported to improve the ductility and elongation 

of the alloys [12]. 

The aging process of the present alloys was 

conducted under vacuum. The elongation of the alloys was much improved without much deterioration of 

their strength. For example, alloy 2 showed elongation of 6 % while the ultimate tensile strength (UTS) was 

kept at high value of 1620 MPa when aged at 873 K/1.8 ks after 90 % cold rolling, as shown in Fig. 3. It is 

interesting to mention here that there are no work hardening was observed in the alloys. 

The aging process after sever cold deformation results is stress relief that improves the elongation and at 

the same time leads to precipitation of very fine -phase which plays the rule of precipitation hardening, 

which therefore keeps the strength at high level. 

Fig. 2 Change of hardness of alloys 1, 2 and 3 with cold 

rolling reduction ration. 30 %, 60 %, and 90 % cold 

rolling reduction are 30CR, 60CR, and 90CR, 

respectively. 

Fig. 3 Tensile stress strain curves of Alloy 2 after 

90 % cold rolling and subsequent aging at 873 K for 

1.8 ks 
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The present new alloys intrinsically show high 

strength besides its high affinity for work 

hardening by cold deformation. The ultra-high 

strength of the present new type Ti-alloys 

locate them as good candidates for the other 

high specific strength alloys because of their 

good cold workability and low cost, as shown 

in Fig. 4. However, further investigations are 

needed to improve the elongation of these 

alloys while keeping the strength to its highest 

level.  

4. CONCLUSION 

New cold workable type Ti-alloys with ultra 

high strength are developed in this study. The 

superior specific strength of the present alloys, 

300 ÷ 390 MPa/g.cm3, will open a lot of room 

for industrial and biomedical applications.  
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Fig. 4 Relationship between specific strength and 

tensile strength of the new type Ti-alloys alloys 

compared to selected ultra high strength 

commercial alloys of each type [2] 
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Abstract 

A NiTi shape memory alloy, known as nitinol, has been intensively studied for last five decades. This big 

interest is caused by its unique properties, such as pseudoplasticity, superelasticity, shape memory, as well 

as good corrosion resistance and sufficient biocompatibility. Unfortunately, its common manufacture 

methods (vacuum induction melting, vacuum arc remelting) possess some disadvantages, such as a 

contamination or an insufficient homogeneity of the fabricated ingots. Therefore, new fabrication methods 

have been recently intensively studied. The self-propagating high-temperature synthesis seems to be a 

promising approach to the NiTi fabrication. It has been performed in both (thermal explosion and plane wave 

propagation) regimes. The thermal explosion one seems to be more suitable for the fabrication of compact 

materials. 

In this work, the NiTi samples were prepared by the thermal explosion mode of self-propagating high-

temperature synthesis (TE-SHS). The influence of a sintering time on the samples properties, such as 

microstructure, transformation and compression behaviour, as well as hardness HV 5 was studied. 

Keywords: NiTi, powder metallurgy, thermal explosion mode of self-propagating high-temperature synthesis 

1. INTRODUCTION 

Recently, an approximately equiatomic alloy, known as nitinol, has been intensively studied. It is due to its 

unique properties, such as pseudoplasticity, superelasticity, shape memory as well as good corrosion 

resistance and sufficient biocompatibility. These properties predetermine this material to applications in a lot 

of branches, such as military, aircraft, aerospace and medical industry [1]. 

The NiTi alloy is commonly produced by a vacuum induction melting (VIM), a vacuum arc remelting (VAR), 

or by their combination (VIM/VAR). Apart from the fact that these methods are very expensive, they have 

other disadvantages. During the VIM process, the melt could be contaminated by carbon originating from a 

graphite crucible. The VAR process does not lead to any contamination, because the melt exists only for a 

short time. On the other hand it causes inhomogeneity of ingots. Therefore, the process has to be repeated 

several times, which increases costs of the ingots [2]. Due to these disadvantages, new producing methods 

of the NiTi alloy have been explored [2]. 

A self-propagating high-temperature synthesis (SHS) seems to be a very promising approach of the NiTi 

alloy preparation. This method is based on fast heating of green compacts prepared from elemental powders 

or from mechanically pre-alloyed powders to temperatures under melting point of pure elements. After 

heating, diffusion processes take place, which causes a decrease of melting point. Moreover, the system can 

locally reach eutectic or peritectic composition [3, 4]. It causes that a liquid phase is formed and improves 

further diffusion and homogenization. Moreover, reactions occurring in the system are exothermic, which 

leads to another temperature increase and subsequent diffusion acceleration [3-5]. 

The preparation of the NiTi alloys has been described by both, plane wave propagation (PWP) and thermal 

explosion (TE) of SHS modes in available literature [4]. The PWP mode consists of an ignition at one end of 

the sample and subsequent propagation of the heat wave caused by exothermic reactions through the whole 

mailto:capekj@vscht.cz
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sample. While the PWP-SHS is usually used for preparation of porous NiTi alloys, the TE-SHS is preferred 

for preparation of compact NiTi. The thermal explosion mode of SHS is based on fast heating of the green 

compact in its whole volume [4]. 

Except the NiTi the SHS products usually contain other phases, e.g. unreacted nickel and titanium, or 

phases NixTiy. Fortunately, this problem can be solved by subsequent heat treatment [6]. Pores, which are 

presented in the SHS products, can be removed by subsequent hot working. 

Despite a lot of studies about preparation of the NiTi alloys by SHS methods have been published [7-10], 

only a few of them have been concerned on the thermal explosion mode of self-propagating high-

temperature synthesis. 

In this work, NiTi samples were prepared by the TE-SHS method. The influence of the sintering time on 

chemical and phase composition, microstructure, mechanical properties, hardness and transformation 

behaviour was studied. 

2. EXPERIMENTAL SETUP 

Nickel powder (≤ 5 µm, 99.98 wt.%) and titanium powder (≤ 50 µm, 99.9 wt.%) were used as starting 

materials. The powders were blended in an equiatomic ratio and subsequently uniaxially cold pressed using 

the LabTest 5.250SP1-VM universal loading machine into cylindrical green compacts with diameter of 10 

mm and length of 30 mm. The green compacts were sealed into evacuated quartz ampoules to protect them 

from oxidation during sintering. The ampoules were put into an electric resistance furnace, which was 

preheated to the temperature of 1100 °C. As a consequence, heating rate about 500 °C·min-1 was reached. 

After different time periods of 2, 3, 5, 10 and 20 minutes, the ampoules were removed from the furnace and 

quenched into water at ambient temperature. The cooled samples were cut into several pieces and 

subsequently examined. Chemical composition of the prepared samples was measured by the TESCAN 

VEGA-3 LMU scanning electron microscope equipped with the Oxford instruments INCA 350 EDX analyser 

(SEM-EDX). Metallographic cross-sections were prepared and microstructure was studied by the OLYMPUS 

PME3 light metallographic microscope (LM) and by the SEM-EDX in BSE regime. Phase composition was 

examined using the XRD 3000 P - XRD system with a Co anode. Transformation behaviour was studied in 

the temperatures interval 0 - 100 °C by the SETARAM-DSC 131 machine, compression tests realized using 

the LabTest 5.250SP1-VM universal loading machine. Moreover, Vickers hardness HV 5 was also 

measured. 

3. RESULTS 

3.1 Chemical and phase composition 

The EDX measurements showed that all prepared samples were depleted of nickel. The depletion was about 

1.5 at.% for all of the samples. It could be explained by evaporation of nickel during combustion. The 

depletion did not depend on the sintering period, because the liquid phase, the presence of which 

significantly extends evaporation, exists only for few seconds. B2 NiTi and Ti2Ni phases were found by the 

XRD analysis and confirmed by the SEM-EDX. The nickel content in the NiTi matrix slightly increased with 

increasing sintering time (Table. 1). 
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Tab. 1 Composition of the NiTi matrix 

 2 min 3 min 5 min 10 min 20 min 

Ni (at.%) 49.48 49.49 49.52 49.57 49.65 

Ti (at.%) 50.52 50.51 50.48 50.43 50.35 

It suggests that more Ti2Ni phase formation takes place at longer sintering period. This phenomenon can be 

explained by low content of nickel in the samples. During longer sintering time period, composition of the 

matrix gets closer to the thermodynamically stable composition (50 at.%), on the other hand, amount of the 

Ti2Ni phase has to necessarily increase. 

3.2 Microstructure 

The microstructure observation was in a good agreement with results of the XRD analysis. The samples 

consisted of the NiTi matrix and polygonal shaped Ti2Ni particles (Fig. 1). In Fig. 1, it is also obvious that 

prolongation of the sintering time led to coarsening of the Ti2Ni phase up to sintering times of 10 min. After 

20 min, finer and more homogeneously distributed Ti2Ni phase was observed. Moreover, features of Ti2Ni 

spheroidization can be observed in Fig. 1d. It can be attributed to the diffusion processes leading to 

homogenization of material composition. 

 

Fig. 1 SEM micrographs of the sample sintered for a) 2 min, b) 5 min, c) 10 min and d) 20 min 

3.3 Mechanical properties 

No significant influence of the sintering time on compression behaviour was observed (Fig. 2a). However, 

there are some differences between the compression curves of the samples explanation of this phenomenon 
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is complicated by the pore presence. None of the compression curves showed the plateau, which is 

characteristic for superelastic materials. On the other hand, all of them showed changes in their slopes and 

consisted of several nearly linear parts. It indicates that some stress induced transformation could take 

place. None of the compression curves contain a region of plastic deformation, which may be attributed to 

the presence of the sharp-edged Ti2Ni phase. Based on these results, we suggest that the formability of 

these materials would be difficult. 

 

Fig. 2 Mechanical behaviour of the prepared samples, a) compression behaviour, b) hardness HV 5  

More relevant information about mechanical properties was obtained by the hardness measurement (Fig. 

2b). The hardness increased with the sintering time up to 10 min. After 20 min of sintering, the hardness 

significantly decreased. The increase of the hardness can be explained by the coarsening of the harder Ti2Ni 

phase, as well as the low hardness of the sample sintered 20 min could be attributed to the microstructure 

changes, concretely to the spheroidization and refinement of the Ti2Ni phase. 

3.4 Transformation behaviour 

 

 

 

 

 

 

 

Fig. 3 Heating DSC curves of the 

prepared samples 
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While during cooling no transformation changes were detected at any sample, the austenitic transformation 

was detected during heating of samples sintered for 2, 3 and 5 min (Fig. 3). Differences in peak positions 

and intensities are probably caused by a different content of nickel in the matrix and probably also by volume 

of lattice defects, which were not detectable by the used methods. In the case of the samples sintered for 10 

and 20 min, the transformations are probably shifted to lower temperatures, due to the higher content of 

nickel in the matrix and lower volume of the lattice defects. Also the martensitic transformations of all 

samples probably take place at lower temperatures than 0 °C during cooling. 

4. CONCLUSIONS  

NiTi samples were prepared by the TE-SHS method from elemental powders. All samples were depleted of 

nickel independently on the sintering time. All samples consisted of the B2 NiTi matrix and Ti2Ni particles. 

Time of sintering influenced microstructure, hardness and transformation behaviour. No relationship between 

the sintering period and compression behaviour was found. 
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Abstract  

Quench during directional solidification (QDS) experiments and energy-dispersive spectrometry 

measurements were carried out to study the effect of growth rate V and temperature gradient in liquid at the 

solid-liquid interface GL on distribution of main alloying elements during solidification of the intermetallic Ti-

44Al-5Nb-0.2B-0.2C (at.%) alloy. Directional solidification was performed in a modified Bridgman-type 

apparatus in dense cylindrical Y2O3 moulds at nine combinations of three constant V and three constant GL. 

After directional solidification to a constant length the samples where quenched by a rapid displacement into 

the water-cooled crystallizer. For the qualitative and quantitative description of the distribution of the main 

alloying elements, the evolution of the concentration of Ti, Al and Nb as a function of the fraction of solid fs 

and segregation deviation parameter were evaluated. The studied alloy solidifies with β primary solidification 

phase and undergoes L + β → α peritectic transformation. The formation of peritectic α-phase affects back-

diffusion of the alloying elements. 

Keywords: titanium aluminides, solidification, energy-dispersive spectrometry, micro-segregation 

1. INTRODUCTION 

Intermetallic TiAl based alloys due to their low density and attractive high temperature properties have a very 

good potential for applications in power engineering and aircraft industry, especially for processing of low 

pressure turbine blades for stationary gas turbines and aircraft engines. Coarse-grained microstructure, 

casting texture and significant chemical inhomogeneity of cast γ(TiAl)+α2(Ti3Al) ingots are detrimental to their 

mechanical properties. However, the proper selection of alloying elements leads to a significant grain 

refinement and homogenization of the microstructure. Solidification through the β-phase (Ti-based solid 

solution with cubic crystal structure) induced by the addition of about 44 ÷ 45 at.% of Al and 5 ÷ 10 at.% of 

Nb results in the formation of different orientation variants of the α-phase (Ti-based solid solution with 

hexagonal crystal structure) from β-phase. Boron increases the rate of heterogeneous nucleation of the α-

phase during β → α transformation and Nb decreases the growth rate of α grains. Nb, B and C increase the 

stability of α grains against their growth on passing through the α single-phase field during cooling [1]. 

Despite the fact that the effect of above mentioned alloying elements on the grain formation is already well 

known, distribution of these elements during solidification at the different solidification conditions is still of 

large interest, especially in relation to the investigations of the columnar to equiaxed transition in these 

alloys. The aim of the present work is to study the effect of solidification parameters such as growth rate V 

and temperature gradient GL on distribution of main alloying elements (Ti, Al and Nb) during directional 

solidification of Ti-44Al-5Nb-0.2B-0.2C (at.%) alloy. Quench during directional solidification (QDS) 

experiments were carried out to prepare samples at various V and GL. 

mailto:*ummsakli@savba.sk
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2. EXPERIMENTAL PROCEDURE 

The intermetallic alloy with the nominal composition Ti-44Al-5Nb-0.2B-0.2C (at.%) and oxygen content of 

about 500 wt. ppm was supplied in the form of vacuum arc remelted conical ingot with a diameter changing 

from 35 to 60 mm and length of 310 mm. The ingot was cut to small rectangular blocks with dimensions of 

11x11x150 mm3 by electro spark machining (cutting). Cylindrical samples for QDS experiments with a 

diameter of 10 mm were lathe machined from the blocks. Directional solidification was performed in dense 

cylindrical Y2O3 moulds with inside/outside diameter of 10/15 mm at nine combinations of three constant 

growth rates V and three constant temperature gradients in liquid at the solid-liquid interface GL, as 

summarized in Table 1. Directional solidification was performed in a modified Bridgman-type apparatus 

described elsewhere [2]. After directional solidification to a constant length of 80 mm the samples where 

quenched by a rapid displacement of the mould into the water-cooled crystallizer at a cooling rate of 50 K·s-1. 

Microstructural investigations were performed by optical microscopy (OM) and backscattered scanning 

electron microscopy (BSEM). As the most suitable method for the evaluation of the chemical composition 

and distribution of alloying elements was selected the energy-dispersive spectrometry (EDS). OM, BSEM 

and EDS samples were prepared using standard grinding and polishing metallographic techniques. After 

mechanical polishing the samples for optical microscopy were chemically etched in a reagent of 100 ml H2O, 

10 ml HNO3 and 3 ml HF.  

For EDS area and point analyses along a line, JSM-7600F scanning electron microscope with EDS detector 

was used. Before each measurement the quant optimization on Ti and standardization using a standard with 

nominal composition Ti-46Al-8Nb (at.%) were performed. The preparation of homogeneous standard for 

calibration of EDS equipment was described elsewhere [3]. Accelerating voltage during all measurements 

was 10 kV. According to Monte Carlo simulation of electron trajectory in the studied alloy the predicted signal 

depth at 10 kV is around 700 ÷ 800 nm. 

Table 1 Parameters of the directional solidification 

Sample 
No. 

Maximum melt 
temperature 

[°C] 

Growth rate V 
[10-5 m·s-1] 

Temperature gradient GL 
[103 K·m-1] 

958 1650 1.39 3 

962 1650 2.78 3 

961 1650 11.8 3 

960 1680 1.39 4 

952 1680 2.78 4 

957 1680 11.8 4 

956 1720 1.39 5 

948 1720 2.78 5 

951 1720 11.8 5 

3. RESULTS AN DISCUSSION 

3.1 Distribution of main alloying elements in the as-cast alloy 

Microstructure of the as-cast alloy Ti-44Al-5Nb-0.2B-0.2C (at.%) consists of columnar and equiaxed grains 

(Fig. 1), which are formed by α2(Ti3Al) and γ(TiAl) lamellae, ribbon-like boride particles and isles of γ-phase 

at the grain boundaries and in the interdendritic regions. Detailed microstructure description of the ingot is 

published elsewhere [4].  

The chemical composition of the studied alloy was measured by the EDS area analysis. Despite the 

limitation of the EDS method concerning measurements of small amounts (0.2 at.%) of light elements (B, C), 

the average content of Ti, Al and Nb in the studied ingot is in good agreement with the average chemical 
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composition measured by the wet chemical analysis (WCHA), see Tables 2 and 3. It should be noted that in 

the case of the intermetallic TiAl based alloys, EDS measurements correspond to WCHA only after the 

standardization of the EDS equipment using the standard with the chemical composition close to the 

measured alloy [3].  

  

Fig. 1 Macrostructure of the ingot: (a) top part and (b) bottom part. C - columnar grains, E - equiaxed grains 

Table 2 Chemical composition of the as-cast alloy measured by EDS 

 Ti Al Nb 

wt.%  59.54  29.92  10.54  

at.%  50.42  44.98  4.60  

Table 3 Chemical composition of the as-cast alloy measured by WCHA 

 Ti Al Nb B C 

wt.%  58.38  29.89  11.13  0.075  0.053  

at.%  49.61  45.06  4.87  0.25  0.20  

Distribution of Ti, Al and Nb across the transversal sections in the top part (TP) and bottom part (BP) of the 

ingot is shown in Fig. 2. EDS measurements were carried out from the surface to the center of the ingot. 

Each point in the figure represents the average chemical composition measured on the area of 0.5x0.5 mm2. 

The inhomogeneity of the chemical composition is more pronounced in the top wider part of the ingot, where 

slightly higher amount of Al is segregated in the columnar grains and Nb reaches its maximum values in the 

central part at the expense of decrease of Al content.  

   

Fig. 2 Distribution of alloying elements: (a) Al, (b) Ti and (c) Nb. TP - top part of the ingot, BP - bottom part of 

the ingot 

3.2 Distribution of main alloying elements in the QDS samples 

Distribution of the main alloying elements during solidification was investigated on the longitudinal sections of 

the QDS samples at four positions with different distance from dendrite tip, marked as I, II, III and IV in Fig. 

3a. EDS profiles consist of 100 individual measurements positioned by 20 μm of each other along a line 

(Figs. 3b-e). To describe more detailed distribution of elements, the additional measurements along the line 

with a length ranging from 20 to 30 μm were performed within the interdendritic region and dendrites 

(Figs. 3f and 3g). 
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Fig. 3 EDS measurements of distribution of alloying elements: (a) OM micrograph of the longitudinal section 

of the QDS sample; (b) position I, SEM; (c) position II, SEM; (d) position III, SEM; (e) position IV, SEM; 

(f) distribution of Al, Ti and Nb within interdendritic region; (g) distribution of Al, Ti and Nb within dendrite 

For the qualitative and quantitative analysis of the distribution of the main alloying elements, dependence of 

the concentration of Ti, Al and Nb on fraction of solid fs and segregation deviation parameter m  were 

selected. Data from EDS measurements at the positions I, II, III and IV were sorted using single-element 

sorting scheme with Al as the main sorting element [5]. The fraction of solid fs(i) was assigned to each 

measured point i. Since absolute maximum and minimum concentrations cannot be guaranteed for the 

sample using the random sampling, we assigned N/)5.0R()i(f is  , where iR  is the rank number and N 

is the total number of points, so fs(i) continuously varies from 0 to 1 (0 < fs < 1). The typical evolutions of the 

concentration of Ti, Al and Nb with fs at all four positions were shown elsewhere [6]. Segregation deviation 

parameter j

m
  was calculated for the positions I, II, III and IV for each alloying element j  

 |CC |
NC

1
N

1i

j

0

j

ij

0

j

m 


                       (1) 

where j

0C  is the average concentration of the j element, 
j

iC is the concentration of the j element at the point i 

and N is the total number of the analysis points for one analysed position [7]. Segregation deviation 

parameter 
j

m  is considered as the most accurate and suitable for the description of the severity of micro-

segregation, because it is calculated using all data measured at the analysed position. This parameter has 

no limitation of other micro-segregation parameters such as segregation range and segregation coefficient, 

which are based only on the minimum and maximum solute concentrations [6].  

3.3 Effect of the solidification parameters V and GL on the distribution of Al, Ti and Nb 

As is shown in the Fig. 3, positions I and II are located in the mushy zone and positions III and IV below the 

mushy zone. Position I is situated close to the dendrite tip and position III close to the position of the 

peritectic transformation which leads to a strong back-diffusion of alloying elements [4]. The growth rate V 

and temperature gradient GL affect the distribution of alloying elements differently within and below the 

mushy zone. Fig. 4 shows the variations of segregation deviation parameter 
Al

m  with the growth rate and 
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temperature gradient in all four positions for Al. The evolutions of Ti

m  and Nb

m  show similar variations with V 

and GL as evolutions of Al

m  presented in Fig. 4. 

  

  

Fig. 4 Variations of the segregation deviation parameter Al

m  with the growth rate V in the positions I, II, II 

and IV at three constant temperature gradients GL. The temperature gradients are indicated in the figure 

Severity of micro-segregation decreases with increasing growth rate in the mushy zone (positions I and II) 

and only slightly increases below the mushy zone (positions III and IV) at all three studied temperature 

gradients. Decrease of Al

m  with the increasing V in the mushy zone is in a good agreement with the model 

based on the measured temperature curves proposed by Martorano and Capocchi [7]. In this model, similar 

dependency is predicted also for the region below the mushy zone. However, lower Al

m  at lower growth 

rates in positions III and IV are observed in our case. This phenomenon can be explained by the more 

extended homogenization during solid state transformations when the growth rate is reduced. This is in 

agreement with micro-segregation model of Brody and Fleming [8] and also with the model based on a 

constant average cooling rate of Martorano and Capocchi [7]. 

Temperature gradient affects the distribution of alloying elements in the same way in positions II, III and IV, 

where moderate decrease of 
Al

m  with the increase of GL was observed at all three studied growth rates 

(Figs. 4b, 4c and 4d). On the other hand, there is an inverse tendency in the position I, as shown in Fig. 4a. 

According to Martorano and Capocchi [7], the value of 
Al

m  is initially zero because the liquid was assumed 

to be homogeneous before the beginning of the solidification of the peritectic alloys and this value increases 

to a maximum due to solute partitioning during solidification. But there is no evident influence of different 

cooling rates or temperature gradients on 
Al

m  predicted for early beginnings of the solidification [7]. The 

observed increase of 
Al

m  with the increase of GL in the position I in the present work leads to the 

assumption, that the increase of 
Al

m  at the beginning of the solidification is slightly faster at higher GL in the 

studied alloy. 
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CONCLUSIONS 

1) Quenching during directional solidification (QDS) experiments were carried out to prepare samples at 

various V and GL with the aim to study their effect on the distribution of the main alloying elements 

during directional solidification of the intermetallic Ti-44Al-5Nb-0.2B-0.2C (at.%) alloy. 

2) The distribution of main alloying elements in the as-cast alloy was measured by EDS area analyses. 

The inhomogeneity of the chemical composition is more pronounced in the top part of the ingot, where 

slightly higher amount of Al is segregated in the columnar grains and Nb reaches its maximum values 

in the central part at the expense of decrease of Al content. 

3) EDS point analyses along the line at four positions on the longitudinal sections of the QDS samples 

were performed. Dependence of the concentration of Ti, Al and Nb on fraction of solid fs and 

segregation deviation parameter j

m  were evaluated for all positions at the studied combinations of V 

and GL. 

4) Severity of micro-segregation decreases with increasing V in the mushy zone and only slightly 

increases below the mushy zone at the studied GL. This phenomenon can be explained by the more 

extended homogenization during solid state transformations when the growth rate is reduced. 

Moderate decrease of Al

m  with the increase of GL was observed at the studied growth rates in all 

measured positions except the position I located close to the dendrite tip, where the inverse tendency 

was noticed. It leads to the assumption, that the increase of Al

m  at the beginning of the solidification is 

slightly faster at higher GL in the studied alloy. The evolutions of Ti

m  and Nb

m  show similar variations 

with V and GL as evolutions of Al

m . 
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Abstract 

Solidification behaviour of intermetallics Ti-47Al with different carbon contents ranged from 0.93 to 1.57 

(at.%) was studied. The alloys were prepared by quenching during directional solidification (QDS) technique. 

Directional solidification was performed in dense cylindrical Y2O3 moulds in a modified Bridgman-type 

apparatus at two constant growth rates and two constant temperature gradients in solid-liquid interface. The 

prepared alloys were studied by optical microscopy (OM), backscattered scanning electron microscopy 

(BSE), energy-dispersive spectrometry (EDS) and X-ray diffraction (XRD).  

Keywords: titanium aluminides, directional solidification, phase transformation, carbides, carbon  

1. INTRODUCTION 

Alloys based on -TiAl have been considered to be ideal materials destined for high temperature applications 

in aerospace, automotive and power industry [1, 2]. However poor fracture toughness, ductility at room 

temperature and poor strength at temperatures above 800 °C restricted their practical use [2]. It has been 

known for more than 10 years that appropriate additions of carbon (3000 wt. ppm) can improve room 

temperature and high temperature strength and creep resistance, but result in decrease of ductility [3, 4]. 

Higher carbon contents result in Ti2AlC (H-type), or Ti3AlC (P-type) carbide particles precipitation and 

composite from -TiAl intermetallics and carbide particles was formed. This composite could also provide 

good combination of high temperature strength, creep resistance and environmental stability [5]. It was 

concluded that precipitated carbide particles enhance fracture toughness [5] and in addition, up to 3.5 vol.% 

Ti2AlC particles improve wear resistance [6]. Ti2AlC possesses useful properties such as easy machinability, 

low density, excellent thermal shock and high-temperature oxidation resistance. Moreover, the density and 

thermal expansion coefficient of the Ti2AlC ceramic (4.11 g/cm3 and 8.8·10-6 K-1) are close to those of the 

TiAl (3.8 g/cm3 and 12·10-6 K-1), which would largely avoid the phenomena of segregation of the ceramic 

particles and reduce the inner stress between ceramic and matrix during the fabrication of the composites 

[7]. In spite of numerous studies of -TiAl alloys with Ti2AlC precipitates, there is lack of information about 

microstructure evolution during solidification. An appropriate technique to study solidification behaviour of 

alloys at defined solidification parameters is directional solidification. The aim of this paper is to study the 

effect of Ti2AlC carbides on microstructure and solidification of -TiAl intermetallics. Moreover, some alloys 

were alloyed with yttrium in order to examine the effect of this element on microstructure evolution.   

2. EXPERIMENT 

The intermetallic alloys which chemical composition, contents of C, O and Ti2AlC carbides are given in Table 

1 were prepared by vacuum induction melting in graphite crucible. Different contents of carbon and carbides 

were obtained by varying time of melting. The preparation and microstructural characteristics of these alloys 

are described in another article [8]. The samples for QDS experiments were prepared from these alloys by 

lathe machining to the cylindrical rods with a diameter of 9 mm. Directional solidification (DS) was performed 

in a modified Bridgman-type apparatus in dense cylindrical Y2O3 moulds with the inside/outside diameter 

mailto:Tomas.Cegan@vsb.cz
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10/14 mm at two constant growth rates V = 1.39·10-5 m·s-1 , 8.89·10-5 m·s-1 and two constant temperature 

gradients in the solid-liquid interface GL = 2500 K·m-1 and 5500 K·m-1. After directional solidification to a 

constant length of 60 mm the samples were quenched by a rapid displacement of the mould into the water-

cooled crystallizer.  

The alloys were observed by optical microscopy on the microscope Olympus GX51 equipped with digital 

camera Olympus DP12 (OM), scanning electron microscopy (SEM) on the microscope QUANTA FEG 450 

with a probe EDAX APOLLO X. Oxygen contents were measured by thermo-evolution method on LECO TC 

436 apparatus and carbon contents on LECO CS 244 apparatus. Samples for metallographic observation 

were prepared by standard methods of grinding and polishing and used etchant was a mixture of 50 ml H2O, 

40 ml HNO3 a 10 ml HF on visualisation of macrostructure and 50 ml H2O, 3 ml HNO3 a 1.5 ml HF on 

visualisation of microstructure. Volume fraction of carbides, Y2O3 and grain size were determined by 

computerized image analysis. Reaction time between the crucible and the melt was calculated assuming the 

selected withdrawal rates, stabilization time at the melt temperature and reaction time equivalent for the 

temperature range between TL (liquidus temperature) and T. TL was determined by DSC method on 

apparatus Setaram MHTC (Multi High Temperature Calorimeter) with rod-type thermocouple B, 3D DSC 

sensor. Analyses were carried out in alumina crucibles in an inert atmosphere of He (6N) at a heating rate of 

5 °C/min. The values of TL were in the range of 1529.8 (sample 2) to 1532.6 °C (sample 3-Y). 

Table 1 Chemical composition of alloys and content of interstitial elements and Ti2AlC carbides 

Sample 
Nominal 

composition 
[at.%] 

Measured composition (EDS) [at. %] 
Oxygen 
[at.%] 

Carbon 
[at.%] 

Content of 
carbides 
[vol.%] 

Ti Al Y 

1 Ti-47Al Base 47.33  0.11 - 0.25  0.02 1.53 0.30 4.46 0.11 

2 Ti-47Al Base 47.36  0.06 - 0.11 0.01 1.57 0.02 3.73 1.07 

3 Ti-47Al Base 47.58  0.18 - 0.09 0.01 0.99 0.01 1.28 0.82 

1-Y Ti-47Al-0.3Y Base 47.60  0.09 0.25  0.08 0.08 0.03 1.21 0.03 2.59 0.78 

2-Y Ti-47Al-0.3Y Base 47.68  0.08 0.35  0.03 0.07 0.03 0.97 0.08 0.86 0,24 

3-Y Ti-47Al-0.3Y Base 46.39  0.45 0.38  0.06 0.08 0.01 0.93 0.01 0.64 0,28 

3. RESULTS AND DISCUSSION 

3.1 Sample contamination 

It is widely known that directional solidification of TiAl 

intermetallics in Y2O3 moulds leads to the formation 

of ceramic particles in samples and to an increase of 

oxygen content. Fig. 1 shows lamellar 

microstructure containing non-metallic particles, 

which has been observed in all samples. The 

chemical composition of these particles is 41.49  

1.46 at.% Y and 58.51  1.46 at.% O (determined by 

EDS) and Y2O3 particles were also confirmed by 

diffraction pattern (not presented in this article). 

Contents of Y2O3 particles and oxygen in the 

samples increase with increasing reaction time and 

melt temperature as shown in Fig. 2 and Fig. 3 

respectively. This sample contamination results from 

a slow dissolution of the mould in the melt during DS 

which have been reported by [9, 10].  

 

Fig. 1 SEM image showing Y2O3 particle formed 

during DS of sample 3-Y at 1700 °C and 50 mm/h 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1336 

3.2 Microstructure 

Fig. 4 shows the typical macrostructure of the samples after directional solidification with QDS. The 

macrostructure consist of four regions: (i) non melted part (region NM), (ii) directionally solidified part (region 

DS), (iii) mushy zone (region MZ) and (iiii) quenched liquid (region QL).  

 
Fig. 4 Macrostructure of QDS sample 2 after QDS with the growth rate 50 mm/h at the temperature    1700 

°C, QL - quenched liquid, MZ - mushy zone, DS - directionally solidified part, NM - non-melted part 

Non-melted parts of all specimens consist of equiaxed grains and their grain size show similar dependency 

with contents of Ti2AlC carbide as the samples in the as-cast state [8].  

Directionally solidified parts of samples with carbon content and Ti2AlC carbide content of less than 1 at.% 

and 1.3 vol.% (samples 3, 2-Y, 3-Y) consist of coarse columnar and elongated grains as shown Fig. 5a. 

Grain size reach up to 20 mm in length and up to 2.5 mm in diameter. Their microstructure is fully lamellar 

with small amounts of -phase at grain boundaries. The grains have cellular-dendritic microstructure at the 

growth rate 50 mm/h and dendritic microstructure at growth rate 320 mm/h. Some yttrium rich phases are 

included mainly in interdendritic regions of samples which were alloyed with yttrium. Element composition of 

this phase is found by EDS with the ratio of Y and Al to be about 1:2 and is identified as YAl2.  

Fig. 5b shows the typical microstructure which is observed in samples with higher contents of carbon and 

Ti2AlC carbide than 1 at.% and 1.3 vol.% respectively (samples 1, 2, 1-Y). By comparison of this figure with 

Fig. 5a can be concluded that the grain size of samples with higher carbon contents is much smaller than 

the grain size of samples with lower carbon and lower carbides contents. The structure consist of equiaxed 

lamellar grains, which is composed of alternative plates of  and 2 phases and the reinforcement particles 

Ti2AlC are uniformly dispersed in the matrix, having rod-like forms 10 ÷ 25 m width and 10 ÷ 150 m length 

(see Fig. 6). 

  

Fig. 2 Effect of reaction time on volume fraction of 

Y2O3 

Fig. 3 Effect of reaction time on enrichment of 

oxygen 
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Detected chemical composition of these particles 

are 44.41  2.34 at.% Ti, 24.74  2.47 at.% Al a 

30.85  3.85 at.% C. The contents of Ti and Al show 

the ratio of 2:1, and also XRD diffraction patterns 

(not presented) confirm the presence of Ti2AlC 

phase.  

YAl2 phase is observed also in yttrium alloyed 

samples with higher carbon and carbide contents.  

Table 2 shows variation of grain size of DS samples 

with higher contents of Ti2AlC carbide. Labeling of 

samples in the top row of the table indicates type of 

sample - used temperature (°C) - growth rate (cm/h). 

From this table, it can be concluded that the grain 

size decrease with increasing growth rate and 

alloying with yttrium also causes reducing of grain 

size, but effect of this element is less significant than 

effect of Ti2AlC particles.  

 

Table 2 Average grain size of DS parts of QDS samples with higher carbon contents (grain length is oriented 

in the grow direction and grain parameter perpendicularly to the growth direction) 

1-1700-32 1-1650-5 2-1700-5 1-Y-1700-32 

Grain 
length 

Grain 
diameter 

Grain 
length 

Grain 
diameter 

Grain 
length 

Grain 
diameter 

Grain 
length 

Grain 
diameter 

186.9 m 204.9 m 203.9 m 209.6 m 204.6 m 212.2 m 184.4 m 185.8 m 

3.3 Solidification 

Fig. 7 shows image of solid-liquid interface in mushy zone of sample 3 directionally solidified at 1650 °C with 

growth rate 320 mm/h. It can be seen on this image that the microstructure near solid-liquid interface 

consists of dendrites and quenched interdendritic liquid. Careful examination of dendrite symmetry reveals 

that dendrites exhibit hexagonal symmetry which is typical for solidification through  phase. This symmetry 

is observed in all samples. Chemical composition of  dendrites (analyzed by EDS) is 53.76 0.46 at.% Ti 

and 46.26 0.46 at.% Al and composition of quenched liquid is 45.67 1.83 at.% Ti and 54.33 1.83 at.% 

Al. During solidification Ti segregates into the dendrites and Al into interdendritic regions. Local enrichment 

  

Fig. 5 a) Macrostructure of DS part of sample 3-Y after QDS with the growth rate 50 mm/h at the 

temperature 1700 °C b) Macrostructure of DS part of sample 1 after QDS with the growth rate 50 mm/h at 

the temperature 1650 °C 

 

Fig. 6 SEM image of etched sample 2 DS at 1700 C 

at growth rate 50 mm/h 
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of interdendritic liquid by Al leads to formation of -phase during quenching. During subsequent cooling,  

phase becomes unstable and transforms into typical 2/ lamellar microstructure. Yttrium alloyed samples 

with lower carbon content than 1 at.% exhibit the same solidification behaviour. The only change is that the 

interdendritic regions contain in addition YAl2 phase. 

 

Fig. 7 OM image of quenched mushy zone, longitudinal section of sample 3 directionally solidified at 

temperature 1650 C and at growth rate 320 mm/h 

Fig. 8 shows image of solid-liquid interface in mushy zone of sample 2 directionally solidified at 1700 °C and 

with growth rate 50 mm/h. It can be seen on this image that the microstructure near solid-liquid interface 

consists of long needles which grow from quenched melt. These needles have been observed for all 

samples with higher levels of carbon and carbides than 1 at.% and 1.3 vol.% respectively. Detail of these 

needles and their location in the dendrites is shown in Figs. 9 and 10.  

The EDS analysis reveals that these needles are formed by long Ti2AlC carbides (48.17 1.15 at.% Ti, 

26.30 0.54 at.% Al, 25.53  at.% C) and around carbides is  phase (53.11  0.23 at.% Ti, 46.89  0.23 

at.% Al). Between these needles are observed alpha-phase dendrites and interdendritic gamma phase 

(46.84  0.41 at.% Ti, 53.16  0.41 at.% Al).  

It is assumed from the obtained results that the melting point of Ti2AlC is probably higher than the 

temperature set for directionally solidification operations. These results suggest that dispersed Ti2AlC 

particles react as nucleation sites for crystallizing the α-grains which inhibit their grain growth. 

In Fig. 10 is possible to observe Y-rich particles in the mushy zone of sample 1-Y directionally solidified at 

1700 C with growth rate 320 mm/h, which are displayed by white colour. These Y-rich particles are Y2O3 

and YAl2 phases. Y-rich particles are preferentially distributed in the interdendritic region. This is due to their 

low solubility. The solubility of yttrium in the , α2 and  phases is less than 0.1 at.%. Higher content of 

yttrium in the alloys leads to accumulation of yttrium at grain boundaries, where they inhibit growth rate. 

However effect of this element is less significant than effect of Ti2AlC particles as mentioned above. 

 

Fig. 8 OM image of quenched mushy zone, longitudinal section of sample 2 directionally solidified at 

temperature 1700 C and at growth rate 50 mm/h 
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  Fig. 9 SEM micrograph showing long Ti2AlC 

carbides in the mushy zone of sample 1-Y 

directionally solidified at 1700 C with growth rate 

320 mm/h 

Fig. 10 SEM micrograph showing detail of long 

Ti2AlC carbide in the mushy zone of sample 1-Y 

directionally solidified at 1700 C with growth rate 

320 mm/h 

4. CONCLUSIONS 

The investigations of DS samples with carbon content between 0.93 to 1.57 at.% suggest the following 

conclusions. The content of Y2O3 and enrichment of oxygen increases with increasing reaction time. The 

maximum content of Y2O3 is 0.9 vol.% and maximum enrichment of oxygen is 1356.4 wt. ppm. for 4720 s. 

DS of samples with carbon and Ti2AlC content lower than 1 at.% and 1.3 vol.% respectively results in coarse 

and elongated grain microstructure. With higher content of carbon and carbides, the microstructure is fine 

grained. Grain refinement is caused by Ti2AlC carbide precipitates which react as nucleation sites for 

crystallizing the α-grains which inhibit their grain growth. 
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Abstract 

Creep damage of intermetallic Ti-46Al-8Ta (at.%) alloy with convoluted α2(Ti3Al) + γ(TiAl) microstructure 

under thermal cycling creep was characterised. Thermal cycling creep tests were performed at applied 

stresses ranging from 200 to 400 MPa in air. The thermal cycle consisted of heating of the creep specimen 

from cooling temperature (TC) of 573 K to hot temperature (TH) of 1073 K during heating time of 55 s, holding 

at the temperature TH for 550 s and cooling to TC during cooling time of 55 s. All thermal cycling creep tests 

were run until the fracture of creep specimens. The creep damage of the specimens was characterized by 

the means of optical microscopy, scanning electron microscopy and X-ray high-resolution computed 

tomography. The measured size of cavities and cracks formed during thermal cycling creep are discussed 

from the point of view of the applied stress, equivalent time to fracture and number of applied thermal cycles 

to fracture. 

Keywords: titanium aluminides, damage, thermal cycling creep, fracture 

1. INTRODUCTION 

Intermetallic TiAl-based alloys represent an important class of high-temperature materials providing an 

attractive set of mechanical and physical properties. The thermo-physical properties of these alloys such as 

high melting point, low density of 3.9 ÷ 4.2 g/cm3, high elastic modulus, low diffusion coefficient, good 

structural stability, good resistance against oxidation and corrosion, high ignition resistance when compared 

with conventional titanium alloys results mainly from the fact that the as-cast microstructures consist of well 

aligned α2(Ti3Al) and γ(TiAl) lamellae [1]. Recent efforts in development of new low weight intermetallic TiAl-

based materials for low pressure turbine blades has led to design of Ti-46Al-8Ta [at.%] alloy [2,3]. This alloy 

belongs to the 4th generation of TiAl-based alloys and requires only free air cooling from single α phase (Ti-

based solid solution with hexagonal crystal structure) field to achieve grain refinement through formation of 

massive γM(TiAl). Reducing the grain size in cast components has been shown to improve significantly room-

temperature ductility without degradation of the creep resistance [4]. This alloy shows promising castability 

and has a relatively large processing window to achieve α2 + γ microstructure during heat treatments [5]. 

Potential industrial applications of this alloy are conditioned by optimisation of processing techniques [6], 

understanding of long-term high temperature microstructure stability [7] and more complex characterisation 

of mechanical properties [8]. 

The aim of the present work is to characterise creep damage of intermetallic Ti-46Al-8Ta (at.%) alloy with 

convoluted α2(Ti3Al) + γ(TiAl) microstructure during thermal cycling creep by high-resolution X-ray 3D 

computed tomography (CT). High-resolution computed tomography has become a powerful inspection tool 

for a wide range of industrial and scientific inspection such as non-destructive structure and failure analysis 

as well as for quality assurance or production control. Once scanned, the fully three dimensional CT 

information allows many possibilities for analysis, e.g. non-destructive visualization of slices, arbitrary 

sectional views, or pore analysis [9]. 

mailto:hana.stanekova@savba.sk
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2. EXPERIMENTAL PROCEDURE 

Thermal cycling creep experiments were conducted on alloy with a nominal composition Ti-46Al-8Ta (at.%.). 

Heat treatments consisted of hot isostatic pressing (HIP) at an applied pressure of 200 MPa, temperature of 

1533 K for 4 h, which was followed by solution annealing at 1633 K for 1 h and air cooling to form massive 

γM. The heat treatment was finalized by HIP ageing at applied pressure of 150 MPa, temperature of 1533 K 

for 2 h followed by cooling at a rate of 5 K/min. Cylindrical creep specimens with a gauge diameter of 6 mm, 

gauge length of 40 mm were lathe machined from the heat treated bars. 

Thermal cycling (TC) creep tests were conducted in an apparatus 

consisting of pulling rods equipped with jaws, lever mechanism for 

loading, power unit for heating of creep specimen, water cooling system 

of creep specimen, extensometer, programmable temperature control 

unit and computer for continuous acquisition of time, temperature and 

elongation data. The programmable heating and holding part of the cycle 

was carried out by passing alternative current through the specimen. The 

cooling part of the cycle was achieved by programmable decrease of the 

current passing the specimen and was accelerated by cooling of heads of 

the specimen through water cooled jaws, as seen in Fig. 1. The 

temperature of the specimen was controlled by a pyrometer and 

independently measured by K-type of thermocouple. The TC tests were 

performed in air. The thermal cycle consisted of heating of the creep 

specimen from cooling temperature (TC) of 573 K to hot temperature (TH) of 1073 K during heating time of 

55 s, holding at the temperature TH for 550 s and cooling to TC during cooling time of 55 s. All thermal cycling 

creep tests were run until the fracture of creep specimens, as seen 

in Fig. 2. 

Microstructure evaluation of the creep specimen was performed by 

optical microscopy (OM), back-scattered scanning electron 

microscopy (BSEM), high-resolution X-ray 3D computed 

tomography and computerised 2D image analysis. 

CT measurements were performed with Nanotom 180 equipped with 

a 180 kV/15 W ultra high-performance nanofocus X-ray tube, 

rotation-unit with air bearing and scintillation type of X-ray detector. 

The analysed part of the creep specimen with a width of 6 mm, 

thickness of 2.5 mm and length of 7 mm is marked in Fig. 2. 

The 2D image analysis was performed by computer image analyser. Micrographs used for image analysis 

were acquired by optical microscopy at 500x magnification. Each image was recorded with a resolution of 

2048x1536 pixels, resulting in 1 pixel per 0.26 μm. The 2D data obtained by image analysis were unfolded to 

three-dimensional data using stereology assuming a spherical shape for the cavities. 

3. RESULTS AND DISCUSSION 

3.1 Microstructure before creep 

Fig. 3 shows the typical microstructure of Ti-46Al-8Ta (at.%) alloy before creep. The convoluted 

α2(Ti3Al) + γ(TiAl) microstructure of the as-received alloy consists mostly of plate-like α2 phase (bright grey 

contrast) which forms small colonies within the γ phase. It should be noted that because of the convoluted 

type of microstructure of the studied alloy, the parameters usually used for microstructure quantification such 

as colony size, lath distance, etc. are difficult to assess. Therefore, the microstructure is characterised by 

 

Fig. 1 Detail of thermal cycling 

creep apparatus showing creep 

specimen, water cooled jaws 

and pyrometer 

 

Fig. 2 Part of fractured creep 

specimen with a rectangle showing 

analysed volume by CT 
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volume fraction of coexisting phases and mean length of 

the α2 laths measured from BSEM images, as shown in 

Fig. 3. A mean length and average volume fraction of the 

α2 laths were measured to be (8.5 ± 0.3) μm and 

(29.8 ± 1.3) vol.%, respectively [10]. 

3.2 Creep damage 

3.2.1 Microstructure instabilities 

The initial convoluted α2 + γ microstructure of the studied 

alloy is thermodynamically unstable and transforms to the 

α2 + γ + τ type during TC creep. Particles of the τ phase 

recently identified by Lapin et al. [11] are preferentially 

formed along the grain and lamellar colony boundaries and 

precipitation of the τ particles leads to a depletion of the 

grain boundaries of Ti and Ta and formation of Al rich γ phase along the grain boundaries (dark colour phase 

in Fig. 4a). Besides the τ phase, the boundaries contain numerous α2 particles. Some grains in the 

macroscopically necked region exhibit large plastic deformation which leads to bending of the α2 lamellae 

(Fig. 4a). In addition, the α2 lamellae within the lamellar colonies are unstable and decompose to short α2 

fragments, needle like particles and γ phase, as shown in Fig. 4b. Table 1 shows the results of quantitative 

metallographic analysis of volume fraction of α2, γ and τ phases in the specimens after TC creep. The 

volume fraction of γ phase increases at the expense of decreasing volume fraction of the α2 phase during TC 

creep with decreasing applied stress and increasing time to fracture. 

Table 1 Volume fractions of α2, γ and τ phases 

Phase (vol.%) 200 MPa 250 MPa 300 MPa 350 MPa 

α2 15.8 ± 0.7 17.5 ± 0.9 19.1 ± 1.3 19.8 ± 1.1 

γ 83.9 ± 0.8 82.1 ± 0.6 80.6 ± 1.3 79.9 ± 1.1 

τ 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

 

Fig. 3 BSEM micrograph showing 
convoluted α2 + γ microstructure of the 
Ti-46Al-8Ta (at.%) alloy before creep 

  

Fig. 4 BSEM micrographs showing the microstructure of specimen subjected to TC creep at TC = 573 K, 
TH = 1073 K: (a) applied stress of 200 MPa, 2672 cycles for 490 h - bended α2 lamellae and formation of τ 

particles along boundaries; (b) applied stress of 350 MPa, 110 cycles for 20 h - fragmentation and 
decomposition of α2 lamellae 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1344 

3.2.2 Formation of cavities and cracks 

During creep formation of cavities and cracks along the 

lamellar colonies and grain boundaries was observed. 

Since the deformation of TiAl-based materials with 

lamellar microstructure depends strongly on grain 

orientation, the cavitation at grain boundaries is different 

from that of polycrystalline materials [12]. The cavities 

appear not only at the grain boundaries which are 

inclined to the stress direction, but at the grain 

boundaries which are parallel to the stress direction as 

well. Majority of cracks are formed at the grain 

boundaries inclined to load direction. Fig. 5 shows 

cavities and cracks formed by coalescence of cavities 

along the lamellar colony and grain boundaries in the 

specimen subjected to the TC creep at applied stress of 

200 MPa, 2672 cycles for 490 h. Growth and 

coalescence of cavities and cracks lead to a fracture of 

the specimen during TC creep. 

3.3 2D image analysis of crept specimens 

Fig. 6 showing the distribution of cavities and cracks in the macroscopically necked region of the creep 

specimens. For the purpose of simplicity of the 2D quantitative analysis, all cavities and cracks are 

considered to have a circle shape. Hence, equivalent diameter dm is calculated according to relationship 

 

(1) 

 

where Am is the area of the cavity or crack measured by 2D image analysis. The minimum analysed 

equivalent diameter calculated according to Eq. (1) is dm = 0.26 μm. Fig. 7 shows frequency distribution of 

equivalent diameter of cavities and cracks. All statistical experimental data can be well fitted by log-normal 

distribution function [13]. The correlation coefficient of these fits are better than r2 = 0.92. As can be seen 

from these distribution curves, the mean equivalent diameter of the cavities and cracks ranging from 

d = 1.63 μm to d = 2.81 μm is not significantly affected by the applied stress from 200 to 350 MPa. However, 

such frequency analysis is not sufficiently representative to describe a critical damage leading to fracture of 

the creep specimens at specific applied stress. Therefore, an additional non-destructive technique is 

necessary to characterise distribution of volume of cavities and cracks within the creep specimens. 

3.4 3D computed tomography of crept specimens 

The example of analysed part of the creep specimens is shown by the red rectangle in Fig. 2. Fig. 8 shows 

high-resolution tomography pictures of distribution of cavities and cracks in the analysed volume of the creep 

specimens. It is clear that the increase of the applied stress affects significantly the distribution of cavities 

and cracks in the necked region of creep specimens. The specimen tested at 200 MPa for 490 h (Fig. 8a) 

shows relatively homogenous distribution of smaller cavities and cracks when compared to those in the 

specimen tested at 350 MPa for 20 h (Fig. 8b). The maximum volume of crack of 7·106 μm3 measured in the 

specimen tested at 200 MPa is found to be significantly lower than that of 25·106 μm3 in the specimen tested 

at 300 MPa. Generally, maximum volume of crack increases with increasing applied stress. In addition, the 

applied stress affects also total volume of cavities and cracks in the necked regions of the creep specimens.  

 

 

Fig. 5 Micrograph showing cavities and cracks 
along the lamellar colony and grain boundaries 
in the specimen after TC creep at TC = 573 K, 
TH = 1073 K, applied stress of 200 MPa, 2672 

cycles for 490 h 


m

m

4A
d 
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Fig. 6 OM micrograph showing distribution and size 
of cavities and cracks in the necked region of the 

creep specimen tested at TC = 573 K, TH = 1073 K, 
applied stress of 250 MPa, 1598 cycles for 249 h 

Fig. 7 Log-normal distribution curves of statistical 
data measured by 2D image analysis. The applied 

stresses are indicated in the figure 

 

   

Fig. 8 High-resolution X-ray 3D computed tomography showing distribution of cavities and cracks in the 

analysed volume of the creep specimens after TC creep at TC = 573 K, TH = 1073 K: (a) applied stress of 

200 MPa, 2672 cycles for 490 h; (b) applied stress of 350 MPa, 110 cycles for 20 h 

The volume fraction of cavities and cracks increases from 0.4 to 0.9 vol.% by increasing applied stress from 

200 to 350 MPa. It should be noted that the resolution of 3D CT analysis is limited to the cavity volume of 

1x104 μm3 which represents equivalent cavity diameter of 26 μm. 

4. CONCLUSIONS 

The study of creep damage of intermetallic Ti-46Al-8Ta (at. %) alloy during TC creep suggests the following 

conclusions: 
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1. The initial α2 + γ microstructure of the studied alloy is unstable and transform to α2 + γ + τ type during TC 

creep. The volume fraction of the γ phase increases at the expense of decreasing volume fraction of the α2 

phase with decreasing applied stress and increasing time to fracture. 

2. The statistical data of 2D image analysis of size of cavities and cracks can be well fitted by log-normal 

distribution function. The calculated mean equivalent diameter of the cavities and cracks is not significantly 

affected by the applied stress ranging from 200 to 350 MPa. 

3. The 3D CT analysis clearly indicates that the applied stress significantly affects the volume of cavities and 

cracks. The maximum volume of cracks increases with increasing applied stress. The volume fraction of 

cavities and cracks increases from 0.4 to 0.9 vol.% by increasing applied stress from 200 to 350 MPa. 
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PREPARATION AND PROPERTIES OF BORIDE LAYERS ON TiAl INTERMETALLICS 

Tomáš POPELA, Dalibor VOJTĚCH 

Institute of Chemical Technology Prague, Prague, Czech Republic, EU, popelat@vscht.cz 

Abstract  

Ti-46.6Al, Ti-45.2Al-7.2Nb and Ti-44.8Al-6.6Ta alloys were borided by a simple pack-boriding method in this 

work. After boriding at 1150 °C for 12 hours the layer deposited on the binary alloy exhibited a homogeneous 

both structure and chemical composition. The layers on the ternary alloys were thicker than those on the 

binary alloy with significantly higher structural and chemical heterogeneity. The mixed borides TiB2.NbB2 or 

TiB2.TaB2 were formed on the surfaces of these alloys, and monoboride whiskers were found at the 

boride/substrate interface. The surface hardness and the wear resistances of the examined alloys were 

significantly improved through their boriding. 

Keywords: titanium aluminides, boriding, pack cementation, hardness, wear resistance 

1. INTRODUCTION  

TiAl-based intermetallics are promising materials for high-temperature applications in the automotive, 

aerospace and power industries, where they can replace the Ni superalloys currently used. Because they 

are at least two times lighter than the nickel superalloys, the TiAl intermetallics bring significant weight 

reduction to devices. In addition to their low density, TiAl intermetallics are characterized by a high elastic 

modulus, and they exhibit greater strength and higher oxidation resistance at elevated temperatures in 

comparison to pure titanium [1]. However, these high-temperature properties are often insufficient; therefore, 

various alloying elements have been proposed for their improvement. In our previous studies, Nb and Ta 

were added to TiAl intermetallics and significantly increased their oxidation and creep resistance at 800 °C 

[2]. Niobium improves the creep resistance of the alloy by hindering dislocation slip and plastic deformation 

in the material. It also increases the high-temperature oxidation resistance through the so-called doping 

effect and supports the formation of an Al2O3 layer, which acts protectively against the high-temperature 

cyclic oxidation. However, the mechanism of the effect of Nb on the formation of Al2O3 is still unclear [3]. 

Because of its position in the periodic table, Ta is believed to exert an influence on the mechanical and 

chemical properties of TiAl-based intermetallics similar to that induced by niobium. This hypothesis was 

proven in our previous studies [2], and the mechanism of the influence of tantalum was similar to that of 

niobium. The TiAl-based intermetallics alloyed with tantalum are known as the last generation of TiAl 

intermetallics, which are often called the 4th generation [4]. These alloys are air-hardenable, and they are 

formed by alloying with elements that significantly reduce diffusion to achieve massive transformations at low 

cooling rates. The massive transformation enables the creation of a highly faulted γ massive phase, which is 

beneficial to the mechanical properties of the alloys [4, 5]. 

Despite their excellent properties, TiAl-based intermetallics are not suitable for wear-related applications 

because of their insufficient hardness [2]. To adapt TiAl-based intermetallics to these applications, various 

treatments have been applied to the surface of TiAl intermetallics to enhance their mechanical and chemical 

properties [6-9]. Apart from these techniques boriding is a promising way of improving the properties of alloy 

surfaces; moreover, when performed using the powder-pack boriding technique, it is also economical. 

However, few articles related to this topic have appeared [10]. In contrast, the boriding of pure titanium or the 

TiAl6V4 alloy has been widely discussed, and various methods have been described [11-13]. The most 

commonly used technique is conventional powder-pack boriding, which is characterized by its simplicity and 

mailto:popelat@vscht.cz
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cost-effectiveness. It is often performed using a powder that contains the boron agent, an activator and a 

filler material at a high temperature, which causes the boron to be released from the agent by the activator. 

After the boron is released, it diffuses interstitially into the titanium lattice. The products of this process are 

dual TiB (inner) and TiB2 (outer) layers deposited on the surface of the specimens, and these layers are 

characterized by high hardness and improved wear and oxidation resistance. As previously mentioned, data 

concerning the boriding of TiAl-based intermetallics are limited, and no data concerning the evaluation of 

deposited boride layers in relation to their mechanical and chemical properties and their protecting effect 

have been reported. To fill this significant gap, we considered the boriding of TiAl-based intermetallics 

(binary Ti-46.6Al, ternary Ti-45.2Al-7.2Nb and Ti-44.8Al-6.6Ta) in this work. We proposed a mechanism for 

the creation of borided layers and evaluated their structure, composition and mechanical properties. 

2. MATERIAL AND METHODS 

Boriding was applied to three alloys with the chemical compositions (in at. %) of Ti-46.6Al, Ti-45.2Al-7.2Nb 

and Ti-44.8Al-6.6Ta. During the boriding process, the samples were placed in a boriding powder and sealed 

in corundum crucibles, and an argon atmosphere was maintained to prevent oxidation. The boriding powder 

consisted of amorphous B (45 wt.%), NH4Cl (3 wt.%) as an activator and Al2O3 (52 wt.%) as a filler. The 

process was conducted at 1150 °C for 12 hours. These conditions were determined to be optimal after a 

series of experiments based on data retrieved from the literature [10, 11]. The borided samples were 

subjected to microstructural investigations which included both surface and cross-sectional analyses of the 

deposited layers and were performed using various analytical techniques, including SEM-EDS (Tescan 

VEGA 3 with attached ED spectrometer, acceleration voltage of 20 kV), WDS (Jeol JXA-733 Superprobe 

with attached WD spectrometers), X-ray diffraction (Phillips X’Pert, 30 mA, 40 kV, Cu Kα X-ray radiation) and 

glow discharge optical emission spectroscopy (GDOES, GD Profiler 2, Ar pressure of 650 Pa, source 

operated at 50 W, approximate sputtering rate of 2.5 μm/min). Concerning the mechanical properties the 

microhardness measurements were performed on a Struers Duramin-2 microhardness tester and the 

abrasive wear resistance was evaluated using a modified version of the pin-on-disc method [14], in which the 

pin was the tested material and the disc was P1200 grinding paper. The applied load was 5.8 N, and the 

sliding distance was defined as 2500 m. The wear rate was calculated from the measured weight losses 

according to Eq. (1) [15]: w = (1000 Δm)/(S l), where w, Δm, l and S are the wear rate (mg·cm-2·m-1), weight 

loss (g), contiguous surface (S) and sliding distance on the grinding paper (m), respectively. The pin in this 

modified version did not follow the spiral path on the disc. 

3. RESULTS AND DISCUSSION 

3.1  Structure and composition of boride layers 

As a result of the boriding process, atomic boron diffuses into the structure of the exposed alloy. Boron has 

very limited solubility in both the γ- and α2-phases [16], so the boride layer forms rapidly on the surface of the 

exposed alloy. Further growth of this layer is then controlled by the diffusion rate of the boron in the boride 

towards the substrate. In the case of the TiAl-based alloys, the layer could be theoretically formed by both 

TiB2 and AlB2 borides. However, the thermodynamic stability of the borides is significantly higher for TiB2 

than for AlB2 because their Gibbs free energies of formation at 298 K are -320 kJ/mol and -151 kJ/mol, 

respectively [17]. Therefore, the formation of TiB2 is favored at the expense of AlB2. 

The back-scattered electron micrographs in Fig. 1 show cross-sections of obtained borided layers with 

thicknesses of 6.6 ± 0.7 μm, 8.9 ± 0.7 and 17 ± 3.4 μm on the Ti-46.6Al, Ti-45.2Al-7.2Nb and Ti-44.8Al-6.6Ta 

alloys, respectively. Theirs values correspond to the development of the elements concentration profiles 

measured using the GDOES method (Fig. 2). As evident in Fig. 1, the layer created on the binary alloy is 

homogeneous, and almost no whiskers of borides growing towards the substrate are observed (Fig. 1a). The 
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layer on the Nb-containing alloy is primarily homogenous with some signs of heterogeneity, and it contains 

some boride whiskers growing towards the substrate (Fig. 1b). In contrast, the boride layer created on the 

Ta-containing alloy is significantly thicker and heterogeneous (Fig. 1c). The micrograph indicates that the 

layer consists of two sublayers, although their interface is not clearly distinguishable. The outer layer is 

highly heterogeneous and consists of easily observable dark and bright grains. The inner layer consists 

primarily of whiskers growing towards the substrate. This morphology suggests that the inner layer contains 

the boride TiB. Although the formation of TiB is only observed in the case of the Ta-containing alloy during 

our experiments, the literature contains reports of TiB whiskers being commonly found after boriding of the 

Ti-6Al-4V alloy [13]. The presence of TiB beneath the TiB2 outer layer is generally explained by the fact that 

the concentration of boron in the matrix progressively decreases towards the alloy interior. The fact that the 

boride layers are created by TiB2 and in the case of Ta-containing alloy by TiB as well is supported by results 

chemical composition analysis preformed by WDS technique (Table 1) and also further confirmed by the 

results of XRD analysis (see Fig. 3). Moreover the XRD analysis revealed the existence of the mixed 

NbB2.TiB2 boride in the case of Nb-alloyed sample and the mixed TaB2.TiB2 boride in the case of Ta-alloyed 

sample. The boride layer formed on the surface of the latter sample exhibited more pronounced differences 

in the distribution of the ternary element which suggests that a larger amount of the TaB2.TiB2 was formed on 

this sample than the amount of the NbB2.TiB2 formed on the Nb-containing sample. The presence of the BN 

phase in the surface layers (Fig. 3) on all of the studied alloys is in agreement with the results of other 

authors [9], which show that this phase is a product of the reaction between boron and the NH4Cl activator. 

 

 

 
Fig. 1 Back-scattered electron micrographs and EDS element maps of borided layers on the (a) Ti-46.6Al, 

(b) Ti-45.2Al-7.2Nb and (c) Ti-44.8Al-6.6Ta alloys 

The gradual decrease in the relative intensity of boron in the direction of the matrix in the GDOES profiles 

(Fig. 2) suggests that the interface between the boride layer and the matrix exhibits a diffusive character. 

The relative intensity of nitrogen is observed to increase slightly at the beginning of all the GDOES profiles, 

which indicates the presence of a thin boron nitride (BN) layer on the surface of the borided layer (Fig. 3). In 

the case of the ternary alloys, the distribution of Nb and Ta in the boride layers and in the base material 

shows no gradients. 
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Fig. 2 GDOES analysis of the borided layers on the 

studied alloys 

Fig. 3 XRD patterns of the surfaces of borided alloys 

3.2  Mechanical properties of borided coatings 

Fig. 4 shows the Vickers hardness measured on the surface of the boride layers compared with the Vickers 

hardness of the base alloys in the as-cast state. The boride layers are more than three times harder than the 

base alloys, and the Vickers hardness of the borided layers increases in the following order of the base 

alloys: Ti-46.6Al < Ti-45.2Al-7.2Nb < Ti-44.8Al-6.6Ta. The large standard deviations are produced by 

heterogeneities found on the surface (oxidic species, boriding powder residues, etc.). These heterogeneities 

are also responsible for the differences between the hardness values measured on the surface and those 

measured on the cross-section of the borided layers (see Fig. 5). 

Table 1 Element concentrations at the points indicated (at.%) in Fig. 1 

Position TiAl TiAlNb TiAlTa 

 Ti Al B Ti Al B Nb Ti Al B Ta 

1 37.8 0.0 62.2 28.2 0.1 67.0 4.7 27.1 0.1 66.8 6.0 

2 35.7 0.0 64.3 27.8 0.1 67.7 4.4 23.8 0.2 68.4 7.6 

3 34.4 0.0 65.6 27.0 1.0 64.9 7.1 24.5 0.2 70.0 5.3 

4 32.2 0.0 67.8 25.9 1.8 63.9 8.4 20.9 0.5 66.1 12.5 

5 31.1 0.0 68.9 25.3 3.1 62.7 8.9 21.1 0.2 62.5 16.2 

6 31.5 0.0 68.5 26.4 5.9 59.3 8.4 39.9 0.2 50.2 9.7 

7 39.0 37.5 23.5 27.5 0.7 67.0 4.8 26.6 0.1 63.4 9.9 

8 47.5 50.6 1.9 25.1 10.9 59.1 4.9 23.7 5.4 54.7 16.2 

9 49.4 50.1 0.5 34.1 39.6 20.6 5.7 32.3 28.5 33.1 6.1 

10 51.1 48.9 0.0 39.7 53.7 0.0 6.6 39.1 56.6 0.0 4.3 

The observed increase in the hardness caused by boriding corresponds to the general purpose of the boride 

layers, which is to enhance the mechanical properties of the surface. The differences between the Vickers 

hardness values of the boride layers on particular alloys can be explained by the presence of mixed 

NbB2.TiB2 or TaB2.TiB2 borides. The mixed borides are formed when atoms of niobium or tantalum replace 

titanium positions in the lattice. Because the Nb and Ta atoms are larger than those of Ti, lattice stress is 

induced, which produces higher Vickers hardness values. As previously mentioned, this effect is more 

pronounced in the case of the layer formed on the surface of the Ta-containing alloy; therefore, its hardness 

is the highest. Another reason for the higher hardness values of the Ta-containing alloy is the greater 

thickness of the borided layer (Fig. 1). The effect of the soft base alloy is minimized in this case. 
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Fig. 4 Vickers hardness (HV 0.1) of the boride 

coatings (measured on the surface) and the 

hardness (HV 10) of the matrix 

Fig. 5 Vickers hardness (HV 0.01) profiles in the 

borided alloys 

Wear tests were performed to determine the wear resistance of the boride layers. Both the borided and as-

cast alloys were subjected to wear tests to assess and evaluate the effect of the boriding process. The 

results of the wear tests are summarized in Fig. 6 as relative wear rates (RWRs), which are wear rates 

related to the maximum wear rate of the Ta-containing alloy. It is evident from the figure that the boriding 

technique used in our experiments provides highly wear-resistant layers with RWR values of approximately  

2 %. Fig. 6 also shows that the wear resistances of the as-cast alloys differ. The RWR values vary between 

75 and 100 %, and the Ta-containing alloy exhibits the worst wear resistance (RWR of 100 %). The Nb-

containing alloy and the binary alloy exhibit similar RWR values of 78 % and 75 %, respectively. These 

differences are somewhat surprising because the Vickers hardness results shown in Fig. 4 suggest that all 

of the alloys should have approximately equal wear resistance. This difference may be related to the 

presence of a network of the γ-phase in the structure of the Ta-containing alloy [2]. This network most likely 

reduces the inter-cohesion of the lamellar grains; therefore, parts of the grains may be easily torn out, 

thereby reducing the wear resistance.  

 

Fig. 6 Relative wear-rate values for the as-cast and borided alloys 

4. CONCLUSIONS 

Three TiAl-based alloys, one binary, one Nb-alloyed and one Ta-alloyed, were borided in this work. The 

presence of borides on the surfaces of the alloys caused an increase in the hardness of the surface, up to 
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3500 HV 0.01. The layer formed on the binary alloy was chemically and structurally homogeneous, whereas 

those formed on the ternary alloys exhibited heterogeneity, and the presence of mixed borides was 

observed. Moreover, TiB monoboride whiskers occurred at the interface between the external boride layer 

and the base alloy in the case of the Ta-containing alloy. These whiskers in the case of the Ti-44.8Al-6.6Ta 

alloy and the stress in the lattice induced by the presence of Nb and Ta atoms in the mixed borides 

increased the surface hardness of the borided ternary alloys in comparison with that of the binary alloy. The 

presence of mixed borides was much more significant in the case of the Ta-containing alloy which, in 

addition to the presence of TiB monoboride whiskers, caused the Ta-containing alloy to have higher surface 

hardness than the Nb-containing alloy. The boriding process also significantly improved the wear resistance 

of all the examined alloys. 
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Abstract 

Sintered Nd-Fe-B permanent magnets with an enhanced coercive force were fabricated (i) using the main 

Nd14,5Dy1,5Fe75Co2B7 alloy and its mixtures with [Dy/Al], Tb2O3, Nd3Co additions and (ii) applying a post-

sintering heat treatment of magnets. The average grain size of the Nd2Fe14B phase decreases with 

increasing contents of [Dy/Al], Tb2O3 and Nd3Co additions and their melting temperatures. The mixing 

method is effective for all type of additions used. The maximum coercive force magnitudes were reached 

after aging at 550 °C, which was performed after cooling from sintering temperature to room temperature. 

The same aging performed after cooling from sintering temperature to 550 °C, i.e., without the intermediate 

cooling does not increase Hci. The correlation between structural changes and hysteretic properties of the 

heat-treated magnets has been discussed.  

Keywords: Nd2Fe14B alloy, sintered magnets, heat treatment, coercive force  

1. INTRODUCTION  

Nd-Fe-B permanent magnets are widely used for different applications and the market of them is ever 

growing as their magnetic properties improve. Sintered Nd-Fe-B magnets are the most promising materials 

for driving motors of the hybrid electric vehicles. Since the operating temperature of magnets in these motors 

reaches 200 °C, the very high coercive force Hci at room temperature is necessary. The powder metallurgy 

method is the common technique for manufacturing high-coercivity Dy-containing Nd-Fe-B magnets [1, 2]. 

The effective way allowing one to increase Hci is the replacing of conventional Nd-rich constituents by small 

additions of low-melting Dy,Tb/Co-based alloys [3,4]. Such an addition hardens the Nd2Fe14B-phase 

boundaries without considerable losses in the saturation polarization of a magnet. The Hci value of sintered 

magnets can be further enhanced by a heat treatment at ~ 500 °C [5,6], but the origin of such a coercivity 

enhancement during annealing is not well understood yet. 

The goal of this work was to compare the influence of the different type of additions on the microstructure 

and coercivity of sintered Nd,Dy-Fe-B magnets and to study the effect of three type of heat treatment on the 

magnetic properties of these magnets. 

2. EXPERIMENTAL PROCEDURE  

The (Nd,Dy)2Fe14B magnets were prepared by two-powder blended method using the main alloy 

Nd14,5Dy1,5Fe75Co2B7 and [Dy/Al], Tb2O3, Nd3Co additions. Sintered magnets were subjected to heat 

treatment (HT) in accordance with three regimes which are shown in Fig. 1. Regime HT1 includes the 

heating to T1 = 950 °C, cooling to the aging temperature (T2), aging at T2 for 30 min and cooling to RT. 

Temperature T2 is varied from 400 to 700 °C. Regime HT2 includes the heating to T1 = 950 °C, cooling from 

T1 to T2 at the rate v = 1.4 Kmin-1, aging at T2 for 30 min and cooling to RT. Temperature T2 is varied from 

mailto:menushenkov@gmail.com
mailto:Katerina.Skotnicova@vsb.cz
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400 to 700 °C. Regime HT3 includes the cyclic aging at Т1 = 950 °C, 10 min and Т2 = 550 ÷ 560 °C, 30 min 

with cooling to RT.  

 

Fig. 1 Regimes of post-sintering heat treatment  

The compositions of the alloys were verified by plasma atomic emission spectrometry. The phases present in 

alloys and magnets were identified by X-ray diffraction (XRD) using Cu-K radiation and thermo-magnetic 

analysis (TMA). Simplified Rietveld method and program Phan% were used for quantitative phase analysis 

[7]. Magnetic measurements were carried out using a hysteresis graph.  

3. RESULTS AND DISCUSSION  

The compositions of the sintered alloys and temperatures of post-sintering aging are shown in Table 1.  

Table 1 Compositions and heat treatment of magnets (in weight %) 

Composition Heat treatment 

principal alloy (PA) Sintering + aging (570 °C, 30 min) 

PA + 1 % [Dy/Al] Sintering + aging (570 °C, 30 min) 

PA + 2 % [Dy/Al] Sintering + aging (570 °C, 30 min) 

PA + 3 % [Dy/Al] Sintering + aging (570 °C, 30 min) 

PA + 4 % [Dy/Al] Sintering + aging (540 °C, 30 min) 

PA + 1 % Tb2O3 Sintering + aging (570 °C, 30 min) 

PA + 2 % Tb2O3 Sintering + aging (570 °C, 30 min) 

PA + 0.5 % Nd3Co Sintering + aging (540 °C, 30 min) 

PA + 1 % Nd3Co Sintering + aging (540 °C, 30 min) 

PA + 1 % Nd3Co + 2 % [Dy/Al] Sintering + aging (540 °C, 30 min) 

The effects of [Dy/Al] weight fraction (x) on Hci of (Nd14,5Dy1,5Fe75Co2B7)100-x(Dy30Al70)x magnets in sintered 

and heat treated states is shown in Fig. 1; the Hci(x) dependence for the magnets obeys polynomial law:  

Hci(sint) = - 0.04 x2 + 2.62 x + 6.17            (1) 

Hci(ТО1) = - 0.32 x2 + 3.79 x + 5.23           (2) 

Hci(ТО2) = - 0.29 x2 + 4.71 x + 10.53           (3) 
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“Magnetic hardening” of sintered magnet is a result of growth of effective anisotropy field of (Nd1-xDyx)2Fe14B 

phase and simultaneous reduction of Ms due to the replacement of Nd atoms by Dy in Nd2Fe14B grains.  

 

 

 

 

 

 

 

 

 

 

Fig. 2 Hci of sintered and heat treated magnets as a function of weight fraction of [Dy/Al] addition  

 

The aging at T2 = 570 °C, 30 min (HT1) increases Hci by 2 ÷ 2.5 times. But the same aging without 

intermediate cooling to 20 °C (HT2) does not change Hci (Fig. 2). The Hci increase was observed only if the 

magnets have been cooled to RT before aging at T2 = 570 °C. The slopes of Hci(x) curves in sintered and 

aged states are identical (Fig. 2), hence the “magnetic hardening” after HT1 is similar to that for the sintered 

state. Therefore, only the “structural hardening” caused by changes in the microstructure of magnets is the 

cause for the Hci doubling after HT1.  

Variations of Hci at different stages of cуclic heat treatment HT3 are shown in Table 2. The values Hci(950 

°C)/Hci(900 °C), Hci(550 °C)/Hci(950 °C) and Hci(560 °C)/Hci(950 °C) are shown in Fig. 3.  

Table 2 Coercive force after cyclic heat treatment HT3  

No. Composition 
Br 
(T) 

Нci 

(kAm-1) 

Нci (after heat treatment) (kAm-1) 

900 С,15' 950 С, 10' 550 С, 30' 950 С,10' 560 С, 30' 

1 Principal alloy (PA) 1.09 1370 925 950 1180 1005 1260 

2 PA+1 % [Dy/Al] 1.04 1180 1240 1300 1590 1330 1570 

3 PA+2 % [Dy/Al] 1.02 1820 18,25 1295 1465 1520 1560 

4 PA+3 % [Dy/Al] 1.02 1860 1440 1430 1600 1515 1660 

5 PA+4 %[ Dy/Al] 0.97 1980 1900 1900 1850 2015 1970 

6 PA+1 % Tb2O3 1.09 1320 1090 1440 1510 1180 1280 

7 PA+2 % Tb2O3 1.06 1430 1265 1280 1740 1295 1500 

8 PA+0,5 % Nd3Co 1.12 880 960 950 1265 1005 1290 

9 PA+1 % Nd3Co 1.12 840 830 870 1220 870 1160 

10 PA+1 % Nd3Co + +2 % [Dy/Al] 1.03 1600 1270 1260 1530 1310 1580 

 

The data given in Table 2 and Fig. 3 show the reversible changes of Hci during high temperature-low 

temperature aging of sintered magnets. The magnets after HT1 (Hci = 1200 ÷ 1900 kAm-1) were aged at T1 = 

950 °C (Hci = 950 ÷ 1400 kAm-1). The following aging at 550 °C for 30 min completely restores Hci to 1300 ÷ 

1950 kAm-1.  
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Fig. 3 The values of Hci(950 °C)/Hci(900 °C), Hci(550 °C)/Hci(950 °C) and Hci(560 °C)/Hci(950 °C)  

The coercivity of permanent magnets is strongly related to their microstructure and is controlled by the 

nucleation of reverse domains at Nd2Fe14B-phase grain boundaries.  

 

  

  

 

Fig. 4 The microstructure of magnets, prepared without (a) and with [Dy/Al] (b), Tb2O3 (c), and Nd3Co (d) 

additions  

Analysis of the microstructure of sintered magnets in Fig. 4 shows that the nature of the alloy-additions has a 

significant effect on the characteristics of the microstructure of magnets. In particular, there is a regular 

decrease in the average grain size in the following cases: i) with increasing concentration of alloy-addition 

and ii) with increasing melting point of alloy-addition, in comparison with the microstructures of the magnets 

with 3 wt. % [Dy/Al], Tb2O3 and Nd3Co. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1357 

The phase transformation-induced coercivity mechanism in Nd-Fe-B sintered magnets was proposed based 

on the phase transformations in accordance with the specified Nd-Fe phase diagrams [8]. It was supposed 

that the phase transformations result in the modification of the grain surface of the principal phase. The 

model of reversible modification of interfaces by HT is based on the phase’s precipitation at the surface of 

Nd2Fe14B grains that is caused by the series of consecutive eutectoid decompositions of the Fe-rich 

component within the intergranular Nd-rich phase [9]. It was assumed that the formation of thin coherent 

layers at the surface of the Nd2Fe14B grains improves the smooth of the Nd2Fe14B grains surface and 

increases the coercivity.  

4. CONCLUSIONS  

The mixing method is effective for preparing the high coercivity sintered Nd-Fe-B magnets with all type of 

additions: [Dy/Al], Tb2O3, Nd3Co. The average grain size of the Nd2Fe14B phase decreases with increasing 

contents of [Dy/Al], Tb2O3 and Nd3Co additions and their melting temperatures.  

The ”magnetic hardening” of sintered magnets is a result of growth of effective anisotropy field of 

(Nd,Dy)2Fe14B phase and simultaneous reduction of Ms due to the replacement of Nd atoms by Dy in 

Nd2Fe14B grains. The main cause for the Hci doubling after HT1 is the “structural hardening” resulting from 

changes in the microstructure of magnets. The changes of Hci are reversible during cycle of high 

temperature-low temperature aging of sintered magnets.  
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Abstract 

Diamond-like coating (DLC) was deposited on ground and polished surfaces of Nd-Fe-B sintered magnet 

(prepared with 4 wt.% TbH2) using reactive ion-beam synthesis directly from ion-beam of a chemical 

complex substance (cyclohexane). The film deposited is diamond-like; the fraction of tetragonal carbon-atom 

bonds is 70 %. The composition and thickness of the coating was analyzed by glow-discharge spectroscopy 

using a GDS 850A (LECO) spectrometer. The thickness of pure carbon (DLC) layer is 0.08 μm. The 

existence of transition layer 0.08 ÷ 0.07 μm thick is due to the diffusion (to a lesser degree) and surface 

roughness. The effect of the coating of surface mechanical characteristics of the magnet was estimated in 

studying the Vickers hardness of the surface and friction coefficient and by nanoindentation as well. The Nd-

Fe-B magnets with applied diamond-like coating demonstrate the lower tendency to mechanical cracking. 

Dry frictional tests showed that, after wear-in process, the DLC increases substantially the stability of 

frictional process and decreases the frictional coefficient in the cases of both unchanged and progressively 

increasing load. The data obtained allow us to predict the possibility of application of the DLC for the 

increase in wear-resistance of sintered Nd-Fe-B magnets (if a thin coating must be used) during their 

operation in moving abrasive liquid and gas media. 

Keywords: Nd-Fe-B magnets, diamond-like coating, glow-discharge spectroscopy, frictional tests, 

nanoindentation 

1. INTRODUCTION 

For the optimum performance of a permanent magnet in special devices, the work conditions, such as the 

pressure, temperature, medium, vibration, demagnetizing field, other perturbation, and, therefore, their 

behavior under these conditions must be know. 

Corrosion of Nd-Fe-B magnets has been an ongoing problem to be resolved. Although various corrosion 

protection methods have been proposed, the corrosion problem still remains. Usually used electrolytic 

deposition of coatings (Ni, Cu, Ni/Cu/Ni, Ni/Cr, Zn, Sn, Cu-Sn, Ni-P, Ni-P/TiO2 composite) is not best since 

the penetration of atomic hydrogen under coating, its exfoliation and subsequent destruction of magnets are 

possible. The application of DLC for the protection of Nd-Fe-B magnets was studied in [1]. The DLC coating 

was deposited by pulsed arc discharge (from methane, coating 500 nm thick) and laser ablation (from 

graphite target, coating 100 ÷ 300 nm thick). The coatings were deposited also on a Ti sublayer formed by 

evaporation. The authors showed that the DLC had poor adhesion in the absence of buffer (Ti) layer and 

inadequate corrosion resistance in chlorine (fluorine) media. However, the DLC with Ti buffer can be used for 

protecting Nd-Fe-B magnets from mechanical impacts. 

mailto:natalik@imet.ac.ru
mailto:lukinikul@rambler.ru
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The aim of the present study is to investigate the possibility of application of DLC prepared by reactive ion-

beam synthesis for the protecting of sintered Nd-Fe-B magnets. The problem of the protecting of Nd-Fe-B 

magnets is discussed from the point of view of mechanical characteristics of Nd-Fe-B magnet surface with 

applied DLC. 

2. EXPERIMENTAL 

The diamond-like coating was deposited on ground and polished surfaces of a sintered Nd-Fe-B magnet 

(with Dy, Tb, Cu, etc. additions) prepared from a powder mixture containing 4 wt.% terbium hydride (TbH2) 

[2]. The coating was deposited by reactive ion-beam synthesis, which was realized at the Physico-

Technological Institute, Russian Academy of Sciences (Moscow). The procedure consists in the deposition 

of a substance directly from high-intensity low-energy ion beams [3]. The principle of the ion-beam 

production consists in the ionizing of operating substances both by high-energy electrons, which are 

accelerated in a specially formed potential “well”, and in localized crossed electrical and magnetic fields 

ensured the maximum changes of the electron energy within the anode-cathode space. The ion extraction 

and beam formation is realized with an accelerating electrode. 

In our case, the diamond-like film was deposited from cyclohexane ion beams. This technique allows one to 

(1) control properties of deposited thin films directly in changing the ion-beam energies, (2) to realized the 

strict direction of beam and, thus, to deposit coatings on shaped elements and to fill deep grooves, and (3) to 

accurately control the deposition rate of film in varying the current density of beam during deposition. The 

DLC was deposited using cyclohexane ion-beam (energy of deposited particles is 10 ÷ 1000 eV; the fraction 

ion component in the deposited-particle beam is ~100 %; the deposition rate at a current density of beam of 

1 mA/cm2 is from 107 to 90 nm/min at a discharge voltage of from 1.05 to 2.45 kV) [2]. Directly before the 

deposition, the surface of magnet was cleaned with Ar ion bombardment. Earlier performed studies [3] 

showed that the films deposited from hydrocarbon ion beams (in particular, cyclohexane ion beams) are 

diamond-like; the fraction of tetragonal carbon atom bonds is to 70 at.%. 

The element composition and thickness of deposited coating was studied by glow-discharge spectroscopy 

using a GDS 850A (LECO) spectrometer. 

The Vickers hardness of the ground surface of sintered Nd-Fe-B magnet with the DLC and free from any 

coating was studied using a 401/402MVD tester. The tests were performed at a load of 200 gs; time of 

loading is 12 s. The indentation with diamond indenter (pyramid with a vertex angle of 136°) was applied on 

2:14:1-phase grains; the indent depth is 1/7 of its diagonal. 

The mechanical properties of the material were studied by nanoindentation using a Nano-Hardness Tester 

(CSM Instruments, Switzerland). The construction of NHT comprises a precise hardness tester and an 

optical microscope, which use a common sample stage with a mechanical drive. The measurements are 

performed using samples with plane parallel surfaces (seating and studied) no less than 6 mm long in 

smaller side. The motion in the horizontal plane (positioning) and vertical plane (measuring) are controlled to 

a high accuracy using a computer and software (CSM). A Berkovich diamond trihedral pyramid is the 

indenter. Before measuring, parameters of the study (such as Poisson’s coefficient of material under study, 

load, loading rate, holding time, and unloading rate) are preset with a controlling computer program. Data 

obtained during continuous indentation are processed automatically in accordance with the Oliver-Pharr 

procedure [4]. Results of the measurements are used to automatically calculate the hardness H, modulus of 

elasticity E, and fraction of elastic deformation in the indentation work η. Moreover, the maximum depth, the 

depth of residual indenation at Fmax, residual depth, projection of contact area, contact rigidity, etc. are 

recorded from the nanoindentation results. We used linear loading and unloading conditions; the loading 

time is 45 s. The holding time under the maximum load is 1 s; time of unloading is 30 s. 
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Frictional studies of the sintered magnet free from any coating and with DLC were performed under dry 

sliding-friction conditions using a CETR UMT Multi-Specimen Test System testing machine and axial loading 

scheme: “finger against disk” (with a ShKh15 steel counter body). The sample in the form of disk 8.3 mm in 

diameter was mounted at the finger face. The rate of tests was 0.15 m/s. The axial load applied to the finger 

was 10 N. The sample with DLC was also studied under progressive axial loading at 10, 20, 30, 40, and 50 

N. The time of test was 10 min. Before tests, the sample surface was cleaned with an alcohol. The tests 

were performed in air at 20 ± 1 °C and 60 ± 4 % humidity. The frictional force is recorded by a strain gauge; 

the frictional coefficient is recorded and processed with a computer. 

3. RESULTS AND DISCUSSION 

Figs.  1 (a-b) demonstrates results of glow-discharge spectroscopy of the diamond-like coating deposited on 

the ground surface of Nd-Fe-B magnet. 

a)   b)   

Fig. 1 Layer-by-layer analysis of DLC deposited on sintered Nd-Fe-B magnet: depth of analysis (a) 0.4 and 

(b) 1 μm 

It is seen (Fig. 1) that the horizontal portion of the carbon curve finishes at a depth of 0.08 μm. The 

horizontal portion corresponds to pure carbon (DLC). Then, the increase in the concentration of matrix 

elements starts. The layer at a depth of 0.08 ÷ 0.07 μm is transition (Fig. 1). The existence of the layer is due 

to the diffusion (to a lesser degree) and surface roughness that also explains the disagreement in the coating 

thickness determined by glow-discharge analysis and from deposition conditions (0.3 μm). 

The microstructure of ground surface of magnet free from coating and with DLC is given in Fig. 2 (a, b); the 

determined Vickers hardness is HV 514 and 758, respectively. Fig. 2c demonstrates the microstructure of 

polished surface of The micrographs indicate the indentations formed during the Vickers hardbess 

measurements. The micrograph of magnet free from coating demonstrates cracks propagating from the 

indentation. 

Figs.  3 (a, b) show variations of the frictional coefficient of the sintered magnet free from coating and with 

DLC during frictional tests under 10 N load. 
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a)  

b)        c)  

Fig. 2 Micrographs of the ground surface of Nd-Fe-B magnet (a) free from coating and (b) with DLC; (c) 

polished surface with DLC 

a)   b)  

Fig. 3 Variations in the frictional coefficient with time: (a) sintered magnet free from coating and (b) magnet 

with DLC 

As is seen from Fig. 3a, the friction process for the coating-free magnet is unstable. At the beginning stage, 

the wear-in (destruction of oxide films) takes place, and frictional coefficient increases continuously. At the 

final stage of the tests, the increase in the frictional coefficient stops. The frictional coefficient is 0.5301. Fig. 

3b demonstrates that the friction process is stable during the tests. The frictional coefficient increases slightly 

and reaches 0.1585. 

Fig. 4 shows variations of the frictional coefficient for the sintered Nd-Fe-B magnet with DLC in applying 

progressively 10-, 20-, 30-, 40-, and 50-N loads. 

An analysis of the data allows us to conclude the existence of wear-in process at the initial stage of loading. 

This process manifests itself in the frictional coefficient magnitude (0.2595) and subsequent stability of the 

frictional process. After wear-in, the frictional process is stable and the spread of the coefficient magnitudes 

is minimal. The frictional coefficient increases slowly to a stable magnitude of 0.219. 
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During nanoindentation and determination of hardness by Oliver-Pharr method, the Meyer hardness is 

measured. According to International Standard ISO 14577-4, the correct determination of the hardness is 

realized when the minimum depth of Berkovich indenter penetration exceeds 5 % of the average surface 

roughness (Sa) over the area close to the indentation area. We assume that the height of surface roughness 

(over 2 × 2 μm2 area) for dark regions of coating deposited on the ground surface is comparable with the 

indentation depth under all loadings used (thus, the effect of roughness on the indentation results is highly 

probable); for the bright regions of coating deposited on ground surface and coating deposited on polished 

surface, the roughness is lower substantially than the indentation depth at all loadings used (under 5 mN 

loading, the roughness relatively weakly affects the indentation results). 

 
Fig. 4 Variations of the frictional coefficient (pink curve) and axial loading (black curve) with time for the Nd-

Fe-B magnet with DLC 

On the other hand, to exclude the effect of substrate (magnet) on the hardness of coating, the true 

indentation depth hc (in the case of a hard coating deposited on a soft substrate) must not exceed 10 ÷ 15 % 

of the coating thickness. The average hс under 5 mN loading is about 85 nm. 

Thus, for the coating 0.3 μm thick, the more correct hardness measurements were performed for the coating 

deposited on the polished surface at Fmax = 5 mN. The nanoindentation of the magnet surface free from 

coating was performed at Fmax = 20 mN. 

Fig. 5 shows load (F) vs indentation depth (h) diagram, which indicates the total character of deformation 

process during nanoindentation of the DLC deposited on the ground and polished surfaces of sintered Nd-

Fe-B magnet and the magnet free from coating at Fmax = 20 mN. 

It follows from the diagram that the deformation of samples has the plasto-elastic character. The indentation 

results (Fig. 5) shows that the hardness (Н) of DLC on the ground surface in bright regions and DLC coating 

on the polished surface is almost the same at the same Fmax load (at Fmax = 10 mN, the hardness is 20 GPa; 

at Fmax = 20 мН, the hardness is 19 GPa). The hardness of coating deposited on ground surface is more 

than 3 and 5 orders of magnitude lower (than the aforementioned magnitudes) for bright and dark regions, 

respectively. As the load increases, the average Н magnitudes for the coating decreases; for coating 

deposited on the polished surface, it decreases from 23.7 GPa (Fmax = 5 mN) to 18.7 GPa (Fmax = 20 mN). 

The observed decrease in the hardness is related to the effect of the substrate (Nd-Fe-B sintered magnet) 

and is typical of the system „soft substrate - hard coating“. 
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Fig. 5 Р-h diagrams plotted during nanoindentation of DLC deposited on the (1) polished surface of magnet, 

ground surface in (2) bright and (3) dark regions, and (4) ground surface free from coating at Fmax = 20 mN 

4. CONCLUSIONS 

The DLC coatings were deposited on the ground and polished surfaces of sintered Nd-Fe-B magnet 

manufactured from TbH2-containing powder mixtures. The coatings were prepared by reactive ion-beam 

synthesis. The Vickers hardness measurements and nanoindentation showed the marked effect of the 

coating on the surface mechanical characteristics of the sintered magnet. It should be noted the substantial 

hardening of the ground and polished surfaces of magnet and decrease in tendency to their mechanical 

failure in using the DLC. The tribological dry-friction tests of the sintered magnet free from coating and with 

DLC deposited on the ground surface showed that the DLC increases the stability of friction process under 

static and dynamic loading and decreases substantially the frictional coefficient; in this case, no coating 

failure and exfoliation are observed. The data obtained allow us to predict the possibility of application of the 

DLC for the increase in the wear-resistance of sintered Nd-Fe-B magnets (if a thin coating must be used) 

during their operation in moving abrasive liquid and gas media. 
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Abstract 

Sintered Nd-Fe-B magnets have found a wide range of uses, especially in the modern motor and generator 

industry. The stability of magnetic properties at working temperature for the long term is very important factor 

for these applications. Thermal stabilization is achieved by exposing magnets to elevated temperature that is 

at, or slightly above, the maximum temperature expected in service. This pre-treatment reduces in-use 

performance drop to a minimum. The present paper deals with the effect of thermal stabilization at 160°C on 

the concentration changes of alloying elements, microstructure and magnetic properties of sintered Nd-Fe-B 

magnets, commercial type N33EH. The concentration profiles of samples in the initial state and after 2- and 

48-hours of heat treatment were investigated using the line SEM-EDX microanalysis and X-ray element 

maps. It was found out that 48-hours of annealing led to the concentration equalization of the observed 

elements at grain boundaries and in matrix grains, where the Nd content at grain boundaries decreased by 

approx. 3 at.%. In the structure of all samples, the matrix of the Nd2Fe14B phase was identified by means of 

the atomic concentration ratio of iron and rare earth metals (REM - Nd, Dy, Pr, Tb). The studies showed the 

presence of a number of oxygen containing phases with very high content of REM at triple junctions of grains 

and grain boundaries. Grain size of the matrix phase Nd2Fe14B was evaluated using the image analysis 

(software AnalySIS) and it ranged from 5 to 10 m. Magnetic properties of all samples were determined at 

room temperature, as well as after the thermal cycling at 160 °C using hystergraph.  

Keywords: Nd-Fe-B magnets, temperature stability, working temperature, concentration profile, applications 

1. INTRODUCTION 

Permanent magnets based on Nd-Fe-B alloy are currently the most powerful types of magnets, which makes 

it possible to minimize the size of products and reduce costs. These magnets are applied particularly in the 

automotive, energy and electronics industries or in medical devices, for example in engines of hybrid-electric 

and electric vehicles, in generators for hydro- and wind power plants, computer hard discs, separators, MRI, 

etc. Coercive force (Hc) of sintered Nd-Fe-B magnets is very high, the maximum energy product (BH)max is 

approx. ten times higher than in the case of ferrite-based magnets, enabling reduction of their weight. The 

disadvantage is their lower corrosion resistance, therefore the surface of the magnets must be protected with 

Zn, Ni, Ag or epoxy resin coating [1]. The increase in intrinsic coercivity can be reached by adding heavy 

rare-earth elements (RE) [2-3]. The metals Al and Cu with a low melting point affect mainly the wetting 

behavior of the RE-rich phase, and can lead to the modification of the boundary phase. The working 

temperature of these magnets can be up to 230 °C. This therefore brings a requirement of high temperature-

stability for the sintered Nd-Fe-B magnets in order to ensure high efficiency of motors. Alloying with Co led to 

a higher Curie temperature and a better temperature-stability of the magnets [1-3]. Thermal stability can be 

improved by an exposure of magnets to such elevated temperatures, so that subsequent exposure to the 

same temperatures results in negligible additional change in (flux) output. This pre-treatment reduces in-use 

performance drop to a minimum [4].  

This paper is concerned with the effect of annealing with different duration of dwell (2 and 48 hours) 

performed at the elevated temperature of 160 °C on the magnetic properties of commercial permanent 
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magnets - type N33EH. Magnetic properties of specimens before and after annealing at different conditions 

were investigated in the correlation with structural and chemical changes of alloying elements, especially RE. 

Reversible temperature coefficients of induction Br (20 ÷ 160 °C) of all specimens were also studied. 

2. EXPERIMENTAL 

An alloy with a general nominal composition (wt.%) of 22.5 ÷ 22.9 Pr-Nd-Tb, 8.3 ÷ 8.8 Dy, 0.1 ÷ 1 Al, 1.04 ÷ 

1.05 B, 0.1 ÷ 0.3 Cu, 1.5 ÷ 2.5 Co, Fe-bal. was prepared by vacuum induction melting by the so called Strip 

Casting (SC) [5-8]. This technology is based on the induction melting of the material in vacuum followed by 

its pouring on water-cooled rotating copper cylinder (v = 1.5 ÷ 2 m/s), thus avoiding creation of long 

dendrites of magnetically soft phase -Fe, and Nd-rich phase is finely and homogeneously distributed 

throughout the volume of material. All the process parameters must be precisely controlled in order to 

achieve an optimum grain size, i.e. temperature of the molten alloy, the melt flow rate, the shape of the melt 

flow, coolant temperature, etc. [5]. The material obtained in the form of strips with thickness from 0.3 to 0.5 

mm was then subjected to hydrogen decrepitation, when due to hydride formation numerous micro-cracks 

were formed as a result of expansion tension and disintegration of material particles (bits) with size from 10 

to 1000 µm [6]. Then prepared material was ground in a jet mill under protective atmosphere of nitrogen to 

the desired particle size of 3 ÷ 5 µm. After pressing in a magnetic field into a required shape, again under the 

protective atmosphere of nitrogen, the pressed pieces were sintered at the temperature of 1060 ÷ 1090 °C 

for 2 hours with subsequent heat treatment [9] (annealing at 160 °C for 2 and 48 hours). The dimension of 

tested ring magnets was OD = 6 mm, ID = 3 mm, l = 3 mm (Pc = 2.21).  

The microstructure study and chemical microanalysis of individual phases in specimens were carried out 

using the light optical microscope Olympus GX-51 connected with digital camera DP12 and scanning 

electron microscope JEOL JSM-6490LV equipped with EDS INCA X-ACT probe. The high-resolution field 

emission gun-scanning electron microscope QUANTA 450 FEG was applied for the investigation of chemical 

changes near the grain boundaries and for the X-ray element maps on cross sections of specimens. The 

grain size was evaluated using the software AnalySIS. The demagnetization curves of all specimens at room 

temperature and at 160 °C (6 cycles) were measured after full magnetization under a pulsed magnetic field 

of 2 T (Hystograph HG 200, Brockhaus Measurement), using the B-H measuring instrument.  

3. RESULTS AND DISCUSSION 

The microstructure of magnets before and after 2 and 48 hours of annealing is shown in Fig. 1. In Fig. 1a-c, 

a significant porosity can be seen in all specimens. Two types of pores are present in the microstructure of 

Nd-Fe-B magnet: 1. the residual porosity after sintering process - pores are mostly spheroidized; 2. the pores 

generated during the metallographic preparation of the sample because of the corrosion and/or dissolution of 

Nd(RE)-rich phase in aqueous media - pores have irregular shape. The microstructure consists of polygonal 

grains of the basic phase Nd2Fe14B (phase ), which contains a Nd-rich phase (phase n) and other minority 

phases. It was found out that the average grain size is nearly the same for all specimens and it was 

determined to be approx. 5 ÷ 10 µm. 

The ideal structure of the Nd-Fe-B magnet should contain small grains of regular Nd(Dy)2Fe14B phase, which 

are isolated at the grain boundaries by a thin layer of the Nd-rich phase, and also the Nd(Dy)1+Fe4B4 phase 

[1-3]. Depending on the type of alloying element, which can replace by substitution either Fe (T) or Nd (RE), 

also other non-magnetic or soft-magnetic phase can be created in this multi-component system. The real 

structure, however, varied considerably. Grains of the phase Nd2Fe14B were irregularly shaped and had 

different sizes. The Nd-rich phase was found along the grain boundaries and at the point of contact of two 

and three grains. This phase may be easily destroyed during polishing of the samples due to its high 

chemical reactivity. 
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Fig. 1 The microstructure of sintered magnet Nd-Fe-B, type N33EH: a) without annealing; b) after 2 hours 

annealing at 160 °C; c) after 48 hours annealing at 160 °C; the grain size of 2-hours annealed specimen 

using the image analysis (polished surfaces) 

The average compositions of matrix phase and various near grain-boundary phases found in the structure of 

all specimens are given in Table 1 and the points of microanalysis are marked in Fig. 2.  

Table 1 The average chemical composition of observed phases in the magnets N33EH 

 

 

 

 

 

 

Specimen Phase 
O Al Fe Co Cu Pr Nd Tb Dy 

(wt.%) 

without HT 

Phase 1   0.75 68.40 2.49   4.28 15.66   8.43 

Phase 2   2.30 30.40 2.02 2.30 13.62 40.39 0.70 5.57 

Phase 3 1.74   3.54 6.58 3.09 22.57 58.17 1.62 2.70 

Phase 4 25.79   8.83     8.22 34.21 0.63 22.32 

2-hs annealed 

Phase 1   0.72 66.98 2.14   4.72 16.16   9.30 

Phase 2   2.42 30.62 1.93 2.20 15.56 41.02 0.76 5.49 

Phase 3 1.86   4.52 6.72 2.77 24.11 55.30 1.62 2.84 

Phase 4 25.95   11.09     7.55 28.73 1.27 25.41 

48-hs annealed 

Phase 1   0.79 67.84 2.55   4.01 15.61   9.21 

Phase 2   1.56 37.89 2.91 1.92 12.61 36.39 0.60 6.11 

Phase 3 2.17   6.92 6.46 2.99 21.88 55.14 1.34 3.10 

Phase 4 26.88   11.49     8.96 32.69 1.70 18.28 

a) 

d) 
c) 

b) 

d) 

a) 
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Fig. 2 SEM-BSE Figs.  of magnets microstructure and marked points of microanalysis: a) without annealing; 

b) after 2-hours of annealing at 160 °C; c) after 48-hours of annealing at 160 °C; fracture surface of magnet 

without annealing 

It can be observed that Nd and Pr contents in the Nd(Re)-rich phase (phase 2) at double and triple junctions 

significantly decreased after 48 hours of annealing, whereas Tb and Dy concentrations are nearly the same. 

The results showed that the short and long-term annealing at 160 °C had a negligible influence on changes in 

chemical composition of the matrix phase Nd2Fe14B (phase 1).  

The studies show the presence of a number of oxygen containing phases at triple junctions of grains (phase 

3 and 4), where the content of REM is very high. The presence of oxygen was found only in the grain-

boundary phases. We assume that matrix grains are oxygen-free. The corresponding concentration profile of 

all components in magnets before and after annealing and Nd-distribution over the Nd2Fe14B phase grains 

(as example) are shown in Figs. 3 and 4. It is evident that annealing lasting 2 and especially 48 hours led to 

decrease in Nd, Pr, Co and Cu content near and at grain boundaries. This modification of grain boundaries 

phases as a result of the annealing had an influence on the residual magnetic flux Br and intrinsic coercivity jHc 

of these magnets. 

 

 

 

 

 

 

 

 

a) b) 

c) 
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grain 
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phase 

d) 

Nd-rich 

between 

Nd2Fe14B 

grains  
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Fig. 3 Concentration profile of all components in magnets a) without annealing; b) after 2 hours of annealing 

at 160 °C; c) after 48 hours of annealing at 160 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 The Nd distribution over the Nd2Fe14B phase grains in magnets a) without annealing; b) after 2 hours 

of annealing at 160 °C; c) after 48 hours of annealing at 160 °C 

 

a) 

b) 

a) b) c) 

c) 
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Fig. 5 shows the demagnetizing curves measured at different temperature for all specimens. Both the 

residual magnetic flux Br and intrinsic coercivity jHc decrease with the increase of ambient temperature. The 

reversible temperature coefficient of residual magnetic flux (RTCBr) α(Br) (20 ÷ 160 °C) for all magnets, 

which was calculated as average value from six measurements, are summarized in Table 2. RTCBr 

characterizes reversible flux losses, which take place due to a change of temperature, but are regained after 

returning to the initial temperature. These losses are due to the intrinsic magnetization of the individual 

domains being reduced by thermal energy. It can be seen that annealing under the given conditions resulted 

in a decrease in values of these coefficients by 20 % and 15 % for magnets annealed for 2 hours and 48 

hours, respectively. We investigated also the change in α(Br) (20 ÷ 160 °C) in dependence on the 

temperature cycling of these magnets in the range of 20 ÷ 160°C.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Demagnetizing curves measured at different temperature for all specimens 
 
Table 2 The reversible temperature coefficient of residual magnetic flux α(Br) (20 ÷ 160 °C) for all magnets 

Specimen  
without 

HT 
2 hs 

annealed 
 48 hs 

annealed 

αBr) 
(%/°C) 

-0.220 -0.176 -0.187 

As it can be seen in Fig. 6, the 

temperature coefficients of residual 

magnetic flux α(Br) are relatively stable 

for the magnet after 2 hours of 

annealing in comparison with other 

specimens. The distribution of these 

coefficients for magnets without heat 

treatment and after 48-hours of 

annealing was relatively high. The 

reversible temperature coefficient of 

coercivity β(jHc) cannot be calculated, 

because the maximal magnitude of the 

applied field of used hystograph was 

not enough for this type of magnets. 

 

 

Fig. 6 The change in α(Br) in dependence on the temperature 

cycling of these magnets in the range of 20 ÷ 160 °C for all 

magnets 
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4. CONCLUSIONS 

The relation between the magnetic properties and the structural and chemical changes after heat treatment 

applied on the commercial sintered permanent magnets of the type N33EH has been investigated. The 

maximal energy product (BH)max of these types of sintered magnets is up to 270 kJ/m3. It was found out that 

the annealing at 160 °C for 2 and 48 hours in order to achieve the temperature stabilization of magnetic 

properties resulted in decrease of the residual magnetic flux Br and of intrinsic coercivity jHc of these 

magnets. The magnet annealed for 2 hours showed stable values of the reversible temperature coefficients 

of residual magnetic flux αBr in comparison with other specimens. The analysis of microstructure of the 

magnet without and after annealing indicates that the intrinsic coercivity may be closely related to the 

morphology of grain boundary phases.  
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Abstract 

Economical and useful NdFeB magnets, produced by powder metallurgy, are sensitive to corrosion, 

especially in wet or water environments, therefore protective galvanic coatings of metals (Ni, Cu, Zn) are 

mostly applied on their surface. This contribution deals with verification and comparison of corrosion 

properties of selected commercial combined Ni/Cu/Ni coating and simple Ni coating (made in laboratory) on 

NdFeB magnet type in the shape of a ballet and cylinder. Chemical composition of coatings and of basic 

material was verified by microanalysis and magnetic phase of the type Nd2Fe14B was identified. According to 

the performed standard salt spray test was found out that corrosion resistance of selected magnets with 

tested coatings is low. The degradation started from rust points (pits) and stain, through lifting and cracking 

of coatings to their peeling and then intensive corrosion of the base material under action of galvanic cell. 

Metallographic analysis after test has confirmed that total thickness of the Ni coating or thickness of each 

layer in the coating Ni/Cu/Ni would not have a significant effect on the corrosion resistance of the NdFeB 

magnet. Adhesion and presence of through imperfections in the coating are important, as they influence 

galvanic corrosion under coating. The influence of hydrogen should be reduced or eliminated at surface pre-

treatment and coating application for increasing the effectiveness of protective coatings.  

Keywords: NdFeB magnet, coating, structure, corrosion resistance 

1. INTRODUCTION 

Effective strong permanent magnets on NdFeB basis are used in many devices and areas of technics. The 

values of their magnetic product (BHmax), are the highest of all known magnets and they have also high 

values of coercive force [1], but they are sensitive to corrosion in many environments. 

Structure of NdFeB magnets can contain phases with high content of neodymium preferably along grain 

boundaries besides of intermetallic magnetic phases. Neodymium in the free form is extreme sensitive to 

corrosion (standard potential Eo = -2.4 V, SHE - standard hydrogen electrode) and it can change 

spontaneously to powder of oxide or hydroxide of neodymium, mainly in wet atmosphere [2-4]. This material 

is sensitive to hydrogen embrittlement and cracking along grain or powder boundaries and phases with high 

Nd content. Corrosive resistance is one of the key requirements for applications of NdFeB type magnets and 

it can be increased by addition of elements (Co, Dy, Pr) which also increase thermal stability. Reactive Nd is 

replaced by stable intermetallic compounds along intergranular area. On the other hand, this compound 

decrease volume fraction of magnetic phase and reduce magnetic flux [4, 6]. Metallic coatings are the most 

widespread type of corrosion protection of NdFeB magnets. Nickel and zinc base coatings are used in many 

cases according to applications. Disadvantage could be action of galvanic cell between protective coating 

(layer) and magnetic gap (magnetic resistance or short circuit).  

Degradation of magnetic materials by corrosion limits their applications and service life. This process in 

some cases is accelerated by magnetic fields that can contribute to non-uniform corrosion. The main 

influence on electrochemical corrosion effect is introduction of two additional forces acting on charged 

particles in electrolyte [7]. Lorentz force which affects the movement of ions and increases the mass 
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transport process. Secondly, magnetic field gradient attracts the parametric ions into area of higher density 

of magnetic flux, which leads to the concentration changes at electrode surfaces. 

The objective of the article is to verify of certain corrosion and protective properties of selected galvanic 

Ni/Cu/Ni and Ni coating on NdFeB type magnets. The purpose of the work is evaluation and preparation of 

suitable galvanic coating on the magnets. 

2. SAMPLES AND EXPERIMENTAL 

For the study of galvanic coatings were selected commercially produced NdFeB in the shape of small 

magnetic balls (diameter  4.8 mm) with Ni/Cu/Ni coating and cylinders ( 8.0 x 8.0 mm) coated Ni before 

the magnetization. On the surface of cylinders the nickel coating was deposited under laboratory conditions 

(Ni2SO4 bath with additions, temperature 25 °C, current density of 25 mAcm-2, 60 min deposition). Prior the 

testing, samples were cleaned by alcohol gasoline. Surfaces of balls were metallic clean, glossy with 

microscopic and short scratches, formed at force interaction with ferromagnetic material. Selected samples 

were exposed in the cabinet under salt mist according to neutral salt spray test [8] - 5 % NaCl water solution 

at temperature 35 °C and relative humidity 100 %. Magnetic products were exposed under salt mist during 

240 h. After 120 hours exposition, on the magnets were carried out chemical microanalysis and 

metallographic study of structure and corrosion attack. The samples were studied by scanning electron 

microscope JEOL JSM-649 equipped with x-ray micro-analyser and metallographic microscope. With respect 

to strong and disturbing magnetic field, the microanalysis of ball was difficult. 

3. DESCRIPTION AND DISCUSSION OF RESULTS 

3.1  Magnetic balls 

The structures of base material and metallic coatings of ball are documented in Fig. 1 and further after 

exposition (Fig. 3 and 4). Results of chemical microanalysis are given in Table 1. Inner and outer layers are 

composed of Ni with small addition of Fe. Middle part contains Cu and certain amount of Ni. Coatings 

composed of Ni and Cu are cathodic to the base anodic magnet. 

 

 
    Fig. 1 Example of galvanic Ni/Cu/Ni coating on  

     the NdFeB magnet (ballet), polished surface 

 

The metallographic photos show the white grain corresponding to magnetic phases (powder particles) and 

dark islets are the pores or anodic phases rich in Nd. Their dissolution is accelerated by galvanic cell in wet 

lace in the 
coating 

Chemical composition [wt.%] 

Fe Ni Cu 

1 (outer) 1.17 98.8 - 

2 (middle) - 15.2 84.8 

3 (inner) 2.14 97.9 - 

Table 1 Chemical composition of galvanic 

coating on the ball (Fig. 1, the average 

of 5 values) 
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atmosphere and/or water solution. The standard potential of Ni (Eo = -0.25 V) and copper (Eo = +0.34 V) are 

much higher in comparison with NdFeB or Nd rich phases (Eo(Fe) = -0,44 V, Eo(Nd) = -2,4 V), so there is 

possibility of undesirable action of galvanic corrosion in the case of penetration of water solution through 

pores or other defects to the base material. In general, coating combined of three layers contains a fewer 

pores (than simple coatings at the same total thickness and technology). 

The thickness of coatings (layers) was measured using PC programme Quick PHOTOPRO2.1 in 

metallographic laboratory of the VSB - Technical University of Ostrava. 

Table 2 The results of measurement of coating thickness (ball, n = 10 values) and calculated values of real 

thickness (middle section  4.8 mm, in the radial direction) 

 Measurement in the 
oblique section 

total outer  middle inner  

thickness layer layer layer 

mean [µm] 44.3 5.07 27.1 12.2 

standard deviation  3.72 1.26 2.34 1.61 

Calculation  

total outer  middle inner  

thickness layer layer layer 

mean [µm] 24.6 3.0 15.0 6.6 

stand. dev.  3.72 1.26 2.34 1.61 

 

After short period of exposition (24 h) in salt mist had formed rust spots and point on the surface, probably at 

defects, Fig. 2. The colour changes and gloss were not observed outside of corrosion, compared with the 

reference sample.  

 
Fig. 2 Corrosion of NdFeB ball coated Ni/Cu/Ni after 24 hour exposition 

 

During 120 hours exposition the corrosion growth continued (larger spots and new points). After this 

exposition, the pitting was observed in the metallographic section on the part of sphere periphery, Fig 3.  
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The outer Ni layer is nearly corroded and middle Cu one is locally attacked (Fig. 3 and 4), where pits 

penetrate through middle layer.  

Decohesion between middle and outer thin layer was observed, caused probably by a lower adhesion and 

internal stresses. Between inner layer and base material were not found defects and imperfections.  

3.2 Cylindrical samples 

Deposited Ni coating is uniform and compact, Fig 5. Only on little places were observed small defects, 

surface shallow pores or spots probably at trapped bubbles. The corrosion initiation and growth has similar 

course as in the case of beads (balls), but with shorten periods of service life. In addition “undermining”, and 

lifting of Ni coating was also observed [9]. 

 

Fig. 5 Sample surface after nickel deposition  

a) view of the front side, b) view of cylindrical surface Stereomicroscopy 

The results of microanalysis of the base phase (white in Fig. 6) are following:  

The average values of analysed elements (wt.%): 72.3 % Fe, 20.6 % Nd, 5.8 % Pr, 1.3 % Al (or in at.%: 84.7 

% Fe, 9.33 % Nd, 2.7 % Pr, 3.3 % Al) which corresponds to magnetic (NdPr)2Fe14B phase. 

Note: Boron content was not analysed. In relation with stoichiometric formula, boron content is around 0.6 

wt.%. Second minor phase contains: 64.3 % Nd, 32.7 % Pr, 2.34 % Fe, 0,743 % Al (wt.%). Unclear is small 

content of Al in both phases. In nickel coating was detected  3.1 wt.% Co (average of 5 measurements). 

Fig. 4 Detail of coating Ni/Cu/Ni corrosion and        
structure of magnet NdFeB type (polished) 

 

Fig. 3 Corrosion attack of outer and middle 

layer 

of Ni/Cu/Ni (polished) 
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Fig. 6 Part of structure and coating of cylindrical magnet. 

   Examples of coating thickness measurements 

 

The thickness of simple nickel coating was 34.4 ± 2.0 µm (n = 10 measurements). 

The mild, adhesive and thinner coatings can absorb mechanical strokes and they can contribute to higher 

resistance to brittle cracking. 

For corrosion resistance of layers has influence of intensity and direction of magnetic field, especially in the 

case of strong NdFeB magnets [7]. Similarly during galvanic deposition on strong magnet one can expect 

non-uniform coating. These problems can be a topic for further research in this area. In the case of improper 

surface pretreatment (degreasing, pickling) the hydrogen can penetrate into structure NdFeB and cause 

intergranular cracking among grains or sintered powders. 

4.  CONCLUSION 

In the article the corrosion properties of selected galvanic Ni/Cu/Ni and Ni coating on NdFeB magnets were 

verified and compared. Metallographic observations and evaluation, X-ray microanalysis and salt spray test 

were used for study of structure and corrosion of small balls and cylinders. The analysed base magnetic 

phase correspond to (NdPr)2Fe14B (Nd2Fe14B type). In Ni/Cu/Ni coating a low content of Fe was detected, in 

nickel one a small amount of Co was found out. For corrosion resistance of these coatings is important 

compactness (no through-pores) and their adhesion to prevent galvanic corrosion in water or wet 

environments. Coating thickness (Ni, Cu) is not as importance of factors.   
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Abstract 

Theoretical and experimental investigations of the crystallization processes of alloys of stoichiometric 

compositions with peritectic transformations have been carried out. It is shown that the crystallization 

process in a wide cooling rate range follows the non-equilibrium way with the formation of the non-

equilibrium phases. A method to obtain samples with the microstructure of one phase with the precise 

stoichiometric composition has been proposed. 

Keywords: crystallization, intermetallides, peritectic transformation, magnetic alloys, magnetostriction 

1. INTRODUCTION 

There is a large group of commercial alloys corresponding to stoichiometric compositions (intermetallic 

compounds) which ensure high performance of finished products. To such alloys belong for example 

magnetic SmCo5, Nd2Fe14B, magnetostriction TbFe2 alloys and others. Such alloy compositions are mainly 

obtained by the melting technique with subsequent solidification of the melt. Crystallization of such alloys is 

going on with the formation of solid phases of other compositions in the beginning, and the required 

intermetallic compounds form by the peritectic transformations. Because of the restricted diffusion in the solid 

phase (DS ≈ 10-12 m2/s) as compared to the liquid phase (DL ≈ 10-9 m2/s), the solid phase, which were formed, 

have no time to change their compositions during the crystallization process, accordingly the liquid phase 

enriches in low melting point components and the crystallization process ends at the lower non-equilibrium 

solidus temperature.  

In the present work theoretical and experimental investigations of the crystallization process of alloys 

corresponding to the stoichiometric compositions with peritectic transformations in the Nd-Fe-B, Al-Ni, Cu-

Sn, Ni-Sn systems have been carried out. It was found out that the peritectic transformation is not realized 

completely in a wide cooling rate range. When the crystallization ends, both equilibrium and non-equilibrium 

phase constituents reveal themselves in the microstructure of alloys. In the work a method to obtain samples 

with the microstructure corresponding completely to the required stoichiometric composition has been 

proposed. 

2. THEORY 

When producing any cast ingots, castings and samples of alloys with the crystallization range, the 

crystallization process always takes place in non-equilibrium conditions, when the diffusion in the solid phase 

tends to zero (DS→0) and in the liquid phase realizes completely (DL→∞). Such process results in the micro-

inhomogeneity formation (dendrite structure) and in some cases in the macro-inhomogeneity (zone 

segregation) [1-3]. Micro-segregation is eliminated by homogenizing but it is impossible to eliminate macro-

segregation at all. When coarse dendrite structure is present in the alloy it is also impossible to eliminate this 

inhomogeneity by reasonable thermal and time modes [2]. The presence of the micro- and macro-

mailto:sidorov.ev@mail.ru
mailto:misistlp@mail.ru
mailto:jaromir.drapala@vsb.cz
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inhomogeneity in the microstructure decreases severely the performance of finished products. The main way 

to eliminate or reduce the micro-inhomogeneity is to apply high cooling rates which results in the decrease of 

the dendrite cell size and the homogenizing time. 

The negative effect of the non-equilibrium alloy crystallization on the performance of finished products is 

observed most appreciably when we manufacture samples of alloys crystallizing with the peritectic 

transformation. When we manufacture ingots of the Nd2Fe14B magnetic alloy the equilibrium crystallization 

process must go according to the following principle [4, 5]. From the liquid temperature (tL ≈ 1320 °C) to the 

temperature ≈ 1180 °C gamma-solid solution of neodymium and boron atoms crystallizes in the fcc lattice of 

iron (γ-iron) (Fig. 1). The liquid phase composition changes accordingly along the liquidus surface Fe-e-E1-U 

from the initial (Nd2Fe14B) to the P point composition (Nd2Fe10B). At the temperature 1180 °C the peritectic 

reaction LE+Fe⇄Nd2Fe14B (Fig. 1) will take place. During this transformation the γ-iron and the liquid phase 

disappear and the intermetallic of the Nd2Fe14B composition forms. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Projection of the liquidus surface in the Fe-Nd-B system [4] and the change of the liquid phase 

composition at the equilibrium crystallization. τ1- Nd2Fe14B, τ2- Nd1.1Fe4B, τ3- Nd5Fe2B6 

However in case of the completely non-equilibrium process (DS→0, DL→∞) the crystallization will take place 

according to the following scheme. At the beginning the crystallization process will go like at the equilibrium 

process. The γ-iron will form from the liquid phase and the liquid phase will change its composition to the P 

point at first. As it is assumed that DS→0, the peritectic transformation will not take place but the 

crystallization of the Nd2Fe14B intermetallic will start. The liquid composition will change along the liquidus 

surface E1-E2-E3-E4-U and will reach the double eutectic line E2-E3. Then the crystallization of two solid 

phases Nd2Fe14B (τ1) and Nd1.1Fe4B4 (τ2) will take place. Finally the liquid phase composition will reach the 

non-variant eutectic point E3 and at t = 655 °C the crystallization process will finish with the formation of three 

phases τ1, τ2 and Nd (Fig. 2). Thus at the completely non-equilibrium crystallization process of the Nd2Fe14B 

composition alloy the following phase constituents will reveal themselves in the microstructure - γ(α)-solid 

solution of iron, Nd2Fe14B (τ1), Nd1.1Fe4B4 (τ2), Nd (high-neodymium phase - the solid solution of the iron and 

boron atoms in the neodymium). Numerous investigations and manufacturing practice show that all above 

mentioned phases are often observed in the microstructure when ingots are produced of the Nd2Fe14B alloy 

[1]. The presence of the non-equilibrium phases decreases accordingly magnetic properties of finished 

products. The application of homogenizing in some cases allows reduce the number of non-equilibrium 

phases.  

A possible way to eliminate the formation and preservation of the non-equilibrium phase constituents is to 

ensure the crystallization process of the required Nd2Fe14B phase only, and all other phases should be 

e 
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eliminated. The analysis of the equilibrium phase diagram of the Fe-Nd-B system (Fig. 1) shows that it is 

necessary to choose the initial alloy composition from the initial crystallization region of the Nd2Fe14B 

magnetic phase (τ1) and that the chosen composition ensured the maximum quantity of this phase. The 

crystallization process must be stopped before the moment when other phases are formed and the solid 

Nd2Fe14B phase should be separated from the remaining liquid one. Such liquid phase composition can be 

the P point composition (Nd2Fe10B), and the crystallization process must be stopped when the liquid phase 

comes closer to the double eutectic line E2-E3 (Fig. 2).  

 

 

Fig. 2 Projection of the liquidus surface in the Fe-Nd-B system [4] 

and the change of the liquid phase composition (CL.NE) at the non-equilibrium crystallization 

3.  EXPERIMENT  

The possibility of the realization of the proposed mechanism was tested on model alloys of two-component 

systems Al-Ni, Sn-Ni and Sn-Cu. The chosen alloy compositions, the liquidus (tL), equilibrium solidus (tS.E), 

non-equilibrium solidus (tS.NE) temperatures, equilibrium (ФE) and non-equilibrium (ФNE) alloy compositions 

are given in Table 1. 

Table 1 Composition of alloys, solid and liquid temperatures and composition of phases 

# Initial alloy 

composition (wt.%) 

Temperature (°C) 
ФE ФNE 

tL tS.E tS.NE 

I 

II 

Sn - 28 Ni 

Sn - 10.7 Ni 

1150 

785 

795 

232 

232 

232 

Ni3Sn 

Ni3Sn4, Sn 

Ni3Sn2, Ni3Sn4, Sn 

Ni3Sn4, Sn 

III 

IV 

Al - 42 Ni 

Al - 25 Ni 

1100 

830 

854 

640 

640 

640 

NiAl3 

NiAl3, Al 

NiAl3, Ni2Al3, Al 

NiAl3, Al 

V 

VI 

Sn - 41 Cu 

Sn - 7.6 Cu 

635 

412 

415 

232 

232 

232 

Cu6Sn5 

Cu6Sn5, Sn 

Cu5Sn, Cu6Sn5, Sn 

Cu6Sn5, Sn 

Alloys were melted in Al2O3 crucibles in the air. Pure elements were used. The charge was 100 g. The 

components were charged in the crucible simultaneously. Overheating above tL was 100 ÷ 150 °C, the melt 

was stirred. Cooling was conducted in the furnace at the rates 4 ÷ 10 K/min. 

Alloys corresponding to the stoichiometric compositions (I, III and V) were cooled to the room temperature. 

The alloys (II, IV, VI), which crystallization ended as eutectic, were cooled to the temperature 50 ÷ 100 °C 

higher than the eutectic temperature and the formed solid phase was separated from the rest of the liquid 
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phase. In Fig. 3 a fragment of the phase diagram of the Sn-Ni system and two alloy compositions (I and II) 

from the investigations are presented. 

 

Fig. 3 A fragment of the phase diagram of the Sn-Ni system [6] 

 

The alloy I was cooled to the room temperature at the rate 4 ÷ 10 K/min. The microstructure of the alloy I 

after the cooling is shown in Fig. 4. It is seen from Fig. 4 that the alloy has a dendrite structure and is 

characterized by the presence of three phases Ni3Sn2, Ni3Sn4, Sn. The alloy II was cooled to the temperature 

350 °C at the rate 4 K/min, aged at this temperature 10 min, and separated into the solid phase with the 

Ni3Sn4 composition and the liquid one with the Sn-0.5 wt.% Ni composition. The solid phase crystallized from 

the crucible walls in the form of the Ni3Sn intermetallic flakes, this phase remained in the crucible after 

pouring out and the liquid phase was poured out onto the ceramic plate (Fig. 5). Thus we succeeded in 

obtaining ~ 42 ÷ 45 wt.% of the intermetallic solid phase corresponding to the stoichiometric Ni3Sn4 

composition. The sample obtained by the solidification of the melt from the alloy I (Sn-28 wt.% Ni) did not 

ensure the presence of the only one Ni3Sn4 phase in the final microstructure and needed long-term 

homogenizing. 
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Fig. 4 Microstructure of the Sn-28 wt.% Ni alloy 

 

 

 

 

 
a) b) 

Fig. 5 Samples of the Sn-10.7 wt.% Ni alloy after the phase separation 

a) the solid phase (Ni3Sn4); b) the liquid phase (Sn-0.5 wt.% Ni) 

 

In the investigations, in the process of the solidification of the melt with the Al-25 wt.% Ni composition we 

managed to separate the solid phase of the Al-40 wt.% Ni (NiAl3) composition from the liquid phase with the 

Al-10 wt.% Ni composition. However the experiment with the Sn-7.6 wt.% Cu alloy to separate the solid and 

liquid phases by this method was not a success. The dendrite frame of the solid phase turned out to be 

saturated with the liquid phase and the pouring out made about 5 ÷ 10 %. We do not know the reason of this 

phenomenon for the present time. In this connection it is necessary to carry out additional investigations. 

4.  CONCLUSION   

1) The possibility of obtaining samples of alloys with homogeneous microstructure by the method of the 

incomplete solidification of the melt with the subsequent separation of the solidified fraction and the 

melt is shown. 

2) The proposed method can be applied when obtaining ingots of alloys with stoichiometric compositions 

with peritectic transformations. 

3) It is necessary to make additional investigations to better understand physical and chemical processes 

taking place during the crystallization of alloys and the solidification of the melt.  
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Abstract  

Designers and engineers are looking for novel structural materials for advanced application. Combination of 

features that allows for multi-functionality of material is nowadays required. This article shows skeleton 

casting case as a particular approach to continuous, spatial composite reinforcement. The purpose of the 

article is to show selected results of research in a field of new type of cast spatial composite reinforcements. 

The research is concerning properties of cast spatial micro-lattice structures called skeleton casting. In this 

paper results of impact test of skeleton casting with octahedron elementary cell were shown. The selection of 

internal topology of skeleton casting was based on numerical simulations of stress distribution. With use of 

computer tomography, analysis of deformation mechanisms was carried out. Different levels of impact 

energies were used. This analysis was carried out in purpose to create adequate numerical model of 

skeleton casting for further optimization. The possibility of manufacturing of geometrically complex skeleton 

castings without use of advanced techniques was confirmed. Not fully utilized rheological properties of liquid 

alloys allow production of elements similar to metallic foams but with periodic structure. Spatial skeleton 

casting with octahedron elementary cell confirmed their usefulness as impact energy absorbers. 

Keywords: skeleton casting, composites, ceramics, micro-lattice 

1. INTRODUCTION 

Lattice truss structures, metal foams and honeycombs offer a number of practical advantages. If the relative 

density is low, they can be readily flexed into curved panels and then attached to curved face sheets. From 

economics and ecology point of view they should allow lowering the weight of constructions. This makes 

possible to save resources and sometimes energy used in manufacturing processes. Lower weight in 

aerospace and automotive industry also connects with lower energy consumption. Most challenging, while 

designing lightweight material, is to achieve good proportion between strength/stiffness and weight [1, 2]. 

Periodic truss structures (Fig. 1) show also features like a good kinetic energy absorption, important for use 

in ballistic impact protection, acoustic damping or shock absorption. In several of these applications, the 

structures are loaded to their maximum strength [3-6]. Fleck and Deshpande [3] developed an approach to 

analyse the dynamic response of a sandwich beam. The structure of the core can consist of different 

topologies (Fig. 2), such as pyramidal, diamond cell, corrugated, hexagonal honeycomb and square 

honeycomb, depending on the types of loading anticipated. The dynamic response of monolithic and 

sandwich plates with different types of core (pyramidal, corrugated, metal foam, and square-honeycomb) 

was investigated by loading the plates. It is found that all sandwich plates have a higher shock resistance 

than monolithic plates of equal mass. It was also shown the outstanding impact resistance of square-

honeycomb sandwich plates and the pyramidal core plates was the weakest of the sandwich beams. 

Xue and Hutchinson [7] showed that sandwich plates with sufficiently strong cores can withstand a uniform 

impulsive load three times than a solid plate with identical weight and material. The interconnected spaces 

within lattice truss core structures can also facilitate multifunctional applications such as cross flow heat 

exchange. Wei et al. introduced a Hybrid Sandwich Panel, which added hyper-elastic material between the 

face sheet and core to increase the blast resistance [8, 9].  

mailto:tomasz.szuter@polsl.pl
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Fig. 1 Sandwich type of periodic lattice cellular metals 

 

Fig. 2 Periodic cellular metal sandwich structures 

Application examples of periodic cellular metals as part of impact energy absorbing panels are deforming 

barriers used in automotive crash tests. Their ordered structure allows creating a precise numerical model to 

proceed simulations. The mechanical properties adaptation flexibility allows using them to tests at different 

speeds. The use of cellular materials in rail vehicles, in principle, subjects to the same rules as for the 

automotive industry. In the past decades the travelling speed of railway trains significantly increased and 

reached the speed of 300 ÷ 350 km/h [10]. Some trains are equipped with bumpers made of aluminium foam 

in order to improve safety during impact. [5, 7, 11]  

1.1 Skeleton castings 

The conception of skeleton castings (Fig. 3), as periodic truss, highly porous, cast construction, has been 

developed in the Foundry Department of Silesian University of Technology [11-17]. Very similar technology, 

with same assumptions, but with use of 3D printing was recently developed in Virginia Polytechnic [18]. Base 

alloy used for skeleton castings is aluminium alloy but also cast steel, cast iron and MMC [19-22]. Truss-type 

structures, which skeleton castings are similar to, are characterized by a different app roach.  

 

Fig. 3 Skeleton casting topology examples designed in Foundry Department of Silesian University of 

Technology 
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The production of components with complex shapes qualifies casting methods as the most suitable for this 

application. The possibilities of using particularly advantageous rheological properties of liquid alloys allow 

producing castings of almost any shape and in a wide range of characteristic dimensions. It is worth 

mentioning that the rheological properties of liquid alloys allow getting casting wall thickness of 0.5 mm by 

conventional, gravity casting methods. One limitation is the dimensional accuracy, resulting from the use of 

common mould materials [23] and lack of normative regulations in the design of similar technologies. Even 

special techniques of moulding and casting, as well as simulation approach [24, 25] need appropriate 

adaptation. 

The key importance of this technology is the core manufacturing techniques. It assumes the use of 

production possibilities for a typical, small foundry, without the use of laboratory equipment and high 

precision technology. Important was the high symmetrical accuracy of cores and castings. On the one hand 

due to the isotropy of mechanical properties and, second, the use of modular design and flexibility to match 

the overall dimensions to the application needs. Another aspect that was taken into consideration was the 

degree of complexity. Also important is the relative density defined as the volume occupied by the metal in 

the volume of the whole element.  

2. DESCRIPTION OF THE RESEARCH 

The paper presents the results of preliminary research of dynamic load resistance of new ceramic - metal 

composites, particularly focused on the ability of impact energy absorbing. Skeleton castings were cast from 

AlSi11 alloy. Selected geometrical parameters of investigated skeleton castings with octahedron elementary 

cell can be found in Table 1. As mentioned above interconnected spaces can be used by many ways. In 

presented conception internal spaces were filled with porous oxide ceramics, with open pores, to create 

composite construction. In assumption it should improve energy dissipation abilities. High porosity of ceramic 

filling is favourable for energy dissipation mechanisms. Compression of the pores significantly improves 

effectiveness on the construction but with maintaining low weight. Ceramic filling also allows for obtaining 

strong cores with complex geometry, which are at the same time the matrix of a composite, influencing on its 

mechanical properties. Internal topology of skeleton casting was chosen based on previous studies [14].  

The impact response research was conducted on gas gun. Series of tests with different energy were 

performed. Parameters of each test are presented in Table 2. Change of velocity in time was measured by 

laser device. High speed camera was also used to record the deformation processes. 

Table 1 Selected geometrical parameters of skeleton casting with octahedron elementary cell 

Weight 2.07 [kg] 

Volume of block 3000 [cm3] 

Volume occupied by metal 762.6 [cm3] 

Volume without walls 176.6 [cm3] 

Relative density 25.42 % 

Relative density without walls 6.57 % 

Face sheets thickness 6 [mm] 

Table 2 Parameters of each shoot 

 

 1st trial 2nd trial 3rd trial 

Velocity [m/s] 7.23 15.12 17.17 

Pressure 

[bar] 
1.94 7.79 9.52 

Energy [J] 499 2181 2813 
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After each impact, series of CT scan was performed, to reveal results of 

impact on internal geometry of skeleton casting. Hemispherical head 

impactor was used for tests. Diameter of impactor was 92 mm and its 

weight 19.1 kg. The overall aim of presented research was to determine 

the mechanism of skeleton castings deformation processes. Next step will 

be to create accurate numerical model for further simulation and design 

optimization.  

Fig. 4 Example of octahedron elementary cell 

3. RESULTS 

In Fig. 5 experimental force - displacement and velocity - time curves were presented. At the start, the load 

increased with displacement nearly linearly up to an initial peak load.  

   

Fig. 5 (a) Experimental force- displacement curves (b) Experimental velocity - time curves 

This represents deformation of face sheets without penetration due to stretching. In each trial after initial 

peak load, from 2.5 mm to 7.5 mm of displacement, the near plateau can be observed. After  the initial 

peak, failure occurred due to the face sheet fracture and the load decreased with the displacement. The 

decrease in the load continued up to the point of complete fracture of the face sheet. After that it is clear 

from Fig. 5a that as the displacement increases, the resistance increases correspondingly. It is due to 

the next phase of the deformation - densification of the whole structure in connection with internal 

friction of the components. Pores compression in ceramic matrix and destruction of the interconnected 

struts are responsible for impact energy dissipation in whole volume of the composite. Destruction of 

internal struts was initiated by stress concentration in near nodes areas. Fractures appear in same 

locations in second and third specimen. Only the front face sheet was brittle destructed even in trial with 

highest energy (Fig. 6) [26]. It can be observed slight plastic deformation of other sheets. Energy of the 

shoots was dissipated in whole volume of composite, not only in axis parallel to the shoot.  

   

    a)      b)    c) 

Fig. 6 Computer topography scans after impact a) 499 J, b) 2181 J, c) 2813 J 

b 
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4. SUMMARY 

Skeleton castings filled with open pores ceramics was tested under impact loading, with energies from about 

500 J to about 2800 J and velocities accordingly 7.2 to 17.1 m/s. Compared to the previous research [27, 

28], castings filled with ceramics matrix absorbed almost all the impact energy and proved to be good value 

in energy absorbing application. It was found that the energy absorption capacity depends on properties of 

filling material. Based on conducted research next step will be to make numerical model. Simulations are 

crucial for further developing of skeleton casting conception. Its mechanical behaviour depends on base 

material, geometrical features such as internal topology and face sheet thickness or filling material 

properties. All this factors will be taken into account in further design optimization and tailoring mechanical 

properties to final application of skeleton castings. 
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Abstract  

Spark plasma sintering (SPS), also called Field Assisted Sintering Technique (FAST), represents a novel 

method of preparation of sintered materials from powders. The main advantage of the SPS method is a high 

achievable heat rate (> 200 °C/min) and high sintering temperatures (up to 2200 °C in our laboratory). 

Combination of high heating rate, rather high pressures (up to 80 MPa) and electric field fluctuations leads to 

an effective sintering and significant reduction of sintering time for both coarse-grained and nanocrystalline 

powders. Composite materials may be easily obtained by mixing or layering of different powders. The paper 

will introduce several examples of multiphase materials sintered by SPS at our institute and the 

establishment of procedures for routine testing of sub-sized specimens.  

Keywords: spark plasma sintering, powder metallurgy, composites, multiphase materials, FeAl matrix 

1. INTRODUCTION 

In many applications, conventional materials have already reached their limits. One of the possibilities how to 

withstand extreme service conditions is to prepare multiphase materials in which properties of two (or more) 

materials are combined. Such an example may be the reinforcement of ductile primary phase (matrix) with a 

hard secondary phase, which can increase the material’s hardness or wear resistance. Usually, the 

properties of both phases are quite different and finding optimum sintering conditions may be challenging. 

One of the possibilities of effective preparation of multiphase materials is the SPS method where multiphase 

materials may be prepared by simple mechanical mixing and/or subsequent layering of the input materials 

(powders). Layering may be used in cases when both the internal cohesion of individual layers as well as 

mutual bonding of the layers can be achieved. By gradual change of the volumetric ratio of powder mixing for 

each layer, even functionally graded materials may be effectively introduced. On the other hand, for the 

mechanical mixtures, only sintering of the dominant phase is necessary and matrix reinforced by a second 

phase may be easily produced in this way. 

The SPS method enables effective preparation of multiphase materials in laboratory conditions as very small 

amounts of materials are needed (in our laboratory typically about 5 grams per one sintered sample). The 

principle of SPS is quite simple - powder or powders are placed between two graphite punches and 

constrained by a graphite die. The material is compressed and internally heated by Joule’s heat generated 

by pulsed direct current passing directly through the punches, die and the powder. No external heating 

elements are therefore needed which significantly decreases the overall thermal capacity of the heated 

volume and enables extremely high heating rates and short sintering times and effectively reduces grain 

growth. Vacuum or protective atmosphere in the sintering chamber helps to out-gas the heated powders and 

improves overall purity of the sintered compacts. On the other hand, many issues connected with SPS are 

still not solved, e.g. detailed models of sintering mechanisms, plasma formation in the sintered materials, 

optimum way of avoiding carbon contamination from the dies, formation of carbides, temperature reading in 

the process zone, etc. More details about SPS technology and its possibilities are provided e.g. in [1,2]. 

In this study, our first experiments with the formation of multiphase materials by sintering of mechanical 

mixtures are introduced. Iron aluminide (FeAl) was selected as a primary phase (matrix), as it was already 

successfully sintered achieving negligible porosity [3,4]. Moreover, low sintering temperature of FeAl 

mailto:musalek@ipp.cas.cz
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(1100 °C in this case) and short sintering times (5 minutes) promised a high throughput of the sintering 

process. FeAl is also a promising material for SPS sintering because of its excellent corrosion resistance, 

low density and high strength, since traditional methods of preparation of FeAl (casting, rolling, etc.) are quite 

challenging [5,6]. 

As a secondary phase, two ceramics (alumina and yttria stabilized zirconia) and one metallic powder 

(stainless steel 316L) were selected. Powder mixtures were obtained by mechanical mixing of rather coarse 

powders which are also used in our laboratory for plasma spraying by a Water Stabilized Plasma (WSP) 

system. The aim of the study was to prove the concept of preparation of multiphase materials by SPS, to find 

optimum sintering conditions and set up routine testing of basic properties of the sintered bodies.  

2. EXPERIMENTAL 

Spark plasma sintering was carried out in the SPS 10-4 (Thermal Technology LLC, USA) instrument. The 

sintering temperature was 1100 °C, dwell at maximum temperature 5 minutes and compressive pressure 

60 MPa [3, 4]. Die and punches (20 mm diameter) were manufactured from high-strength graphite. Graphite 

foil was used to prevent the direct contact of the sintered material with the die and punches and prolong their 

life-time. During the sintering, temperature was controlled by a thermocouple inserted into a channel drilled 

into the bottom graphite punch so that the thickness of the graphite wall was 4 mm. For higher temperatures, 

calibrated pyrometer can be used. However, in both cases, the temperature has to be considered as a 

technological parameter of the sintering process rather than reading of the exact temperature in the center of 

the sintered body. During sintering, changes of the punch position are monitored as it changes as the 

material sinters (and thus decreases its volume) while the pressure is kept constant. Example of the process 

monitoring, enabling a very good repeatability of the process, is in Fig. 1.  
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Fig. 1 Record of sintering of FeAl + Al2O3 sample 

Powders used in this study are listed in Tab. 1. Based on known bulk density of each material, powders were 

mixed so that the volumetric ratio of the matrix to secondary powder was 3:1. Weighted amounts of powders 

were mechanically mixed for several minutes and the blend was used as input powder for the sintering. For 

comparison, a compact of 316L steel only was prepared with the same sintering conditions. For illustration, 

results obtained for Wall Colmonoy 88PTA powder sintered at 925 °C for 5 minutes and 60 MPa pressure 

are also included. This material has multiphase microstructure even without introducing a secondary phase 

due to precipitation of fine sub-micron metallic borides and carbides from the Ni-Cr-B matrix. Some coarser 

(tens of microns) angular precipitates were also observed in the powder. 
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Table 1 Specification of input powders 

Material Manufacturer & designation 
Nominal particle 

size [µm] 

Particle 

shape 

FeAl (29 wt.% Al) LERMPS-UTBM, custom-made 50 ÷ 90 spherical 

Al2O3 (white alumina) Korund Benátky, s.r.o., F240 28 ÷ 70 angular 

YSZ (yttria stabilized zirconia) H.C. Starck, AMPERIT 825.1 22.5 ÷ 45 angular 

AISI 316L GTV GmbH, 31.46.10 105 ÷ 150 irregular 

Wall Colmonoy 88PTA Wall Colmonoy, F6604A 53 ÷ 150 spherical 

After sintering, compacts were ground in order to remove the protective graphite foil. Each compact was 

sectioned by 3 parallel through-thickness cuts made with a precision saw with diamond blade into 4 beams. 

One beam was used for materialographic analysis and hardness testing, one for evaluation of 3-point 

bending strength and one for XRD analysis. The last beam is usually used for porosimetry analysis, but this 

was omitted in this study, due to a very low porosity of the compacts (see further). 

Materialographic samples were prepared with Tegramin-25 (Struers, DK) polisher using standard grinding 

and polishing ending with a 1 µm diamond suspension and OP-S. Vickers hardness was evaluated on 

polished cross-sections by Nexus 4504 (Innovatest, NL) hardness tester with 5 kg load so that the indents 

were bigger than typical grain size. 11 indents were applied for each sample. The microstructures and 

damage introduced by indentation were observed in low vacuum mode in scanning electron microscope 

EVO® MA 15 (Carl Zeiss SMT, D) equipped with EDS system XFLASH 5010 (Bruker, D).  

Strength was evaluated by 3-point bending test of beams with typical dimensions 4 x 4 x 19 mm using 

universal testing machine Instron 1362 (Instron, UK) upgraded with 8800 series electronics. Testing was 

carried out according to ASTM C1161-02, slightly modified with respect to the character of available samples 

and equipment. All surfaces of the samples were ground by P220 SiC paper in order to remove any possible 

materials damage caused by the cutting process. The four long edges of each specimen were uniformly 

chamfered at 45° on grinding paper. The bearing cylinders of the 3-point bending fixture were made of 

hardened steel (5 mm in diameter) and the the support span was 14 mm. Loading with constant cross-head 

speed of 0.2 mm/min was applied until a sudden fracture of the specimen. From the known specimen 

dimensions, support span and maximum load, 3-point bending (flexural) strength was evaluated. 

Fractographic analysis of broken specimens was carried out in SEM. Please note that only one sample was 

available for each compacted body so the strengths evaluated in this way are rather informatory. On the 

other hand, fractures with well-defined and comparable loading conditions were provided in this way. 

3. RESULTS 

Microstructures of the sintered compacts as observed in SEM are illustrated in Fig. 2. For the FeAl, sintering 

led to a very good densification as no pores were observed and grains showed polygonal shape. For the 

316L steel, the same sintering conditions resulted in some porosity (2.4 % as obtained from image analysis) 

but good sintering and annihilation of most grain boundaries was observed. For the FeAl mixed with Al2O3 

and YSZ, a satisfactory contact between the FeAl grains and secondary phase was observed as well as 

satisfactory homogeneous mixing of the ceramic phase in the FeAl matrix. For FeAl + Al2O3, some cracking 

along the grain interfaces was noted which was not observed for FeAl + YSZ. Porosity of both FeAl + Al2O3 

and FeAl + YSZ samples was negligible, which corresponds well with the plateau apparent from Fig. 1 for 

punch position evidencing a finished compaction of the material. Most of the pores observed on the 

micrographs resulted from pull-outs of ceramic phase from the matrix and were therefore a polishing artifact. 

However, if the ceramic particles were too closely packed together, it could locally prevent matrix from filling 

the gaps (see Fig. 2c, d).  
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For the FeAl + 316L sample, negligible porosity was achieved. However, a diffusion reaction between the 

matrix and the secondary phase was observed. Sintering resulted in a formation of about 20 µm thick layer 

around each particle. The EDS line scan across this layer proved that Al diffused from the FeAl matrix into 

the particles whereas Ni from 316L particles was transported towards the matrix-particle interface in the 

opposite direction. Wall Colmonoy 88PTA showed negligible porosity (about 0.1 %) and retained the fine 

sub-micron as well as coarser precipitates (see Fig 2f).  

 

  
a) FeAl  b) stainless steel 316L 

  
 c) FeAl + Al2O3 d) FeAl + YSZ 

  
 e) FeAl + 316L f) Wall Colmonoy 88PTA 

Fig. 2 Microstructures of the sintered compacts 
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Table 2 Results of mechanical testing 

Sample HV5 Flexural strength (MPa) 

FeAl 393.1 ± 4.5 998.0 

316L 164.2 ± 2.2 770.2 

FeAl + Al2O3 416.3 ± 22.5 412.2 

FeAl + YSZ 383.8 ± 17.7 361.6 

FeAl + 316L 333.9 ± 12.7 811.6 

Colmonoy 88PTA 841.4 ± 16.4 1138.1 

From the comparison of the mechanical testing results (Tab. 2), it is obvious that FeAl had significantly 

higher hardness than 316L sample. Addition of the Al2O3 phase to FeAl resulted in slight increase in the 

hardness but also an order of magnitude higher scatter of the results was observed. Hardness of the 

FeAl + YSZ composite was comparable to that of FeAl and also an increase in the scatter of the results was 

observed. FeAl + 316L composite showed hardness according to expectations between pure FeAl and 316L 

compacts. No cracking was observed during indentation in the FeAl matrix as well as in the newly formed 

diffusion layer. On the contrary, crushing of the ceramic phase under indenter was quite typical. 

Colmonoy 88PTA showed an excellent hardness as well as excellent flexural strength, even higher than 

FeAl, 316L and FeAl + 316L samples. Addition of the ceramic secondary phase resulted in significant 

decrease in the flexural strength as the bonding of the FeAl matrix with the ceramic particles was limited. 

Bonding of FeAl with 316L particles was much more efficient. Fractographs are illustrated in Fig. 3.  

 

  
a) FeAl  b) stainless steel 316L 

  
 c) FeAl + Al2O3 d) FeAl + YSZ 
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 e) FeAl + 316L f) Wall Colmonoy 88PTA 

Fig. 3 Fractographs of samples after 3-point bending test 

Please note, that the difference between FeAl + Al2O3 and FeAl + YSZ samples may be within the natural 

statistical error of measurement of the sub-sized samples as only one sample was available. For the 316L 

sample, non-linearity in the deflection-load curve was observed, which corresponds well to signs of ductile 

failure observed on the fracture surfaces (ductile dimples and grain elongation in the loading direction).  

4. CONCLUSIONS 

In this study, sintering conditions previously optimized for FeAl matrix were successfully used for preparation 

of multiphase materials from mechanical blends of FeAl with two ceramics and one metallic powders. 

Procedures for evaluation of basic mechanical properties (hardness and flexural strength) on sub-sized 

specimens were established and tested and provided a mutual comparison of the efficiency of matrix 

reinforcement and sintering process. 
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Abstract 

In this study, a room temperature mechano-chemical route was investigated for the synthesis of LaB6 

powders from La2O3, B2O3 and Mg containing blends. The reaction was driven by high energy ball milling of 

powder blends in a planetary ball mill rotating with a speed of 400 rpm. The reaction products were gradually 

examined in terms of milling duration. Subsequent to the mechano-chemical synthesis, unwanted MgO 

phase was removed from the boride phase by HCl acid leaching under the effect of ultrasonic stirring and 

heating. Pure LaB6 powders were obtained after repeated centrifuging, repeated decanting, repeated 

washing and drying. Phase and microstructural characterizations of the milled and leached powders were 

performed using X-ray diffractometry (XRD), differential scanning calorimetry (DSC) and scanning electron 

microscopy/energy dispersive spectroscopy (SEM/EDS) techniques. The amounts of elements (Mg and B) in 

the supernatant liquid were analyzed in an atomic absorption spectrometer (AAS). Magnetic properties of the 

pure LaB6 powders were determined by a vibrating sample magnetometer (VSM). Following the cold 

pressing of the pure powders, electrical resistance of LaB6 compacts was measured by using four-point 

probe method. 

Keywords: Mechano-chemical synthesis, lanthanum hexaboride, magnesiothermic reduction  

1. INTRODUCTION 

Lanthanum hexaboride (LaB6) which is a divalent rare-earth cubic hexaboride and a promising refractory 

ceramic has high melting point, high hardness, high chemical and thermal stability, low evaporation rate at 

high temperature, low electronic work function, high and constant electrical conductivity, low expansion 

coefficient in some temperature ranges, high transmission stability, high current and voltage capability and 

high neutron absorbability [1-4]. LaB6 has been widely used in metallurgical applications such as cathode 

emission materials, wave-absorbing materials, high-energy optical systems, sensors for high resolution 

detectors, electrical coatings for resistors and in nuclear industry [1-6]. Besides, LaB6 is one of the most 

commonly utilized thermionic emitter which can offer higher brightness, lower energy spread and longer 

service life than tungsten cathodes in a large variety of electronic devices [1-3]. 

The major methods of preparing LaB6 powders generally include high-temperature reactions such as direct 

solid-phase reaction of lanthanum or lanthanum oxide La2O3 with elemental boron (B) at around 1800 °C, 

vacuum hot-pressing of La2O3 and boron carbide B4C at 1400 °C, arc floating zone method of La with B at 

1700 °C, carbothermal reduction of La2O3 and boron oxide B2O3 or B at 1500 °C, chemical vapor deposition 

(CVD) method using lanthanum trichloride LaCl3 or La powders and boron trichloride BCl3 or decaborane 

B10H14 gases in an atmosphere of H2/N2/Ar at 1000 ÷ 1300 °C, aluminum flux method using LaCl3/La2O3 and 

B/B2O3 precursors above 1000 °C, molten salt electrolysis from oxyfluoride bath at 800 °C, solid-state 

reaction of magnesium with LaCl3.7H2O and sodium borohydride NaBH4 or B2O3 powders in an autoclave at 

400 ÷ 500 °C, combustion synthesis of lanthanum nitrate La(NO3)3.6H2O, carbohydrazide CO(NHNH2)2 and 

B powders at 320 °C and also combustion synthesis of La2O3, B2O3 and Mg powders [1, 2, 4-12]. However, 

there are some disadvantages of the above-mentioned production methods. The direct combination method 

is not appropriate for the industrial fabrication because of its high cost [11]. Although carbothermal reduction 
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method is widely used in industry, LaB6 powders prepared by this method have a larger particle size, a lower 

purity and a poorer sinterability [11]. Even if CVD technique enables to synthesize nano-sized LaB6 powders, 

the yield is low with respect to the long production process of CVD [2, 11]. Additionally, LaB6 powders 

containing undesirable lanthanum borate LaBO3 and magnesium borate Mg3B2O6 phases are obtained due 

to the utilization of combustion synthesis method [11, 12]. 

Apart from these techniques, mechano-chemical synthesis which involves solid-state reactions based on 

repeated welding, fracturing and rewelding of the raw materials in a high-energy ball mill can be used for the 

production of fine-grained LaB6 powders at room temperature [13-15]. 

In the present study, LaB6 powders having a combined morphology of micron- and nano-sized particles were 

produced from La2O3, B2O3 and Mg containing powder blends via mechano-chemical synthesis method. The 

effect of milling duration on the gradual formation of LaB6 powders was examined. Subsequent leaching 

treatment was also carried out on the synthesized products. This study makes contribution into the archival 

literature by giving the results of a room temperature process for the obtainment of LaB6 powders. 

2. EXPERIMENTAL PROCEDURE 

La2O3 (ABCRTM, in purity of 99.99 %, in average particle size of 33.6 m), B2O3 (ETI Mine, in purity of 98 %, 

in average particle size of 466.9 m) and Mg (MME, in purity of 99.7 %, in average particle size of 142.7 m) 

powders were used as raw materials. Powder blends containing stoichiometric amounts of reactants were 

prepared according to the overall reaction given in Eq. (1). For each run, powder batches of 60 g were 

weighed in a PrecisaTM XB320M sensitive balance. 

La2O3 + 6 B2O3 + 21 Mg → 2 LaB6 + 21 MgO           (1) 

Mechano-chemical synthesis was performed in a high energy planetary ball mill (FritschTM Pulverisette 5 

Classic Line) with a rotation speed of 400 rpm using a ball-to-powder weight ratio (BPR) of 10:1. Milling 

container was zirconia vial with a capacity of 500 ml and milling media was zirconia balls with a diameter of 

10 mm. After loading the powder blends into the vial, the milling vial was evacuated to about 10-2 Pa, back 

filled with Ar gas (LindeTM, in purity of 99.999 %) and sealed in a PlaslabsTM glove-box. Milling was 

continually conducted at different durations up to 30 h. The milled powders were unloaded again under Ar 

atmosphere in the glove-box. 

In the case of sufficient milling duration which enables to form LaB6 and MgO phases as mechano-chemical 

reaction products, they were subjected to selective HCl (MerckTM, 37 %) acid leaching under the effect of 

ultrasonic stirring and heating (BandelinTM Sonorex) for the removal of unwanted MgO phase. HCl acid 

concentrations of 2 and 4 M, duration of 10 min, a solid/leachant ratio of 1 g/10 cm3 and a temperature of 80 

°C were applied as leaching parameters. Pure fine-grained LaB6 powders were obtained after repeated 

centrifuging (TD3 Centrifuge, at 3500 rpm for 30 min), repeated decanting, repeated washing (by distilled 

water) and drying (FN 500, at 120 °C for 24 h) treatments. 

The phase compositions of the milled and leached powders were identified using a BrukerTM D8 Advanced 

Series Powder Diffractometer (XRD) with CuK radiation in the 2 range of 10-90° with 0.02° steps at a rate 

of 2°/min. International Center for Diffraction Data® (ICDD) powder diffraction files were utilized for the 

identification of crystalline phases. Thermal properties of the mechanochemically synthesized powders were 

examined in a TATM Instruments Q600 differential scanning calorimeter (DSC) heated up to 1200 °C with a 

heating rate of 10 °C/min under Ar atmosphere. Microstructural characterizations and energy dispersive 

spectroscopy (EDS) analyses of the milled and leached powders were carried out using a HitachiTM TM-1000 

scanning electron microscope operated at 15 kV, after coating with gold. The amounts of elements such as 

Mg and B in the supernatant liquid were analyzed by Perkin ElmerTM 1100B atomic absorption spectrometer 

(AAS). Magnetic properties of the pure LaB6 powders were determined by a vibrating sample magnetometer 
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(VSM) at room temperature under DC-biased magnetization between 0 and 640 kA/m. In order to obtain 

cylindrical preforms with a diameter of 12.7 mm for the electrical resistance measurements, pure LaB6 

powders were compacted in a 10 ton capacity MSETM MP-0710 uni-action hydraulic press under a uniaxial 

pressure of 800 MPa. Electrical resistances of these uniform specimens were measured at room 

temperature by using four point probe method in a SignatoneTM four point probe system. 

3.  RESULTS AND DISCUSSION 

Fig. 1 illustrates the XRD patterns of the La2O3-B2O3-Mg powder blends after milling for different durations in 

a planetary ball mill. There are only the peaks of La2O3 (ICDD Card No: 071-5408, Bravais lattice: primitive 

hexagonal, a = b = 0.393 nm, c = 0.614 nm) and Mg (ICDD Card No: 035-0821, Bravais lattice: primitive 

hexagonal, a = b = 0.329 nm, c = 0.521 nm) phases in the XRD patterns of the powders milled for 10 and 15 

h. Also, B2O3 phase is not seen in the XRD patterns of those powders. The absence of the B2O3 peak is due 

to both its amorphous nature and amorphization during milling. In other words, no reaction takes place 

between La2O3, B2O3 and Mg powders after milling for 15 h. However, the XRD patterns of the 10 and 15 h 

milled powders distinctly demonstrate the gradual decrease in the intensities and hence in the average 

crystallite sizes of the La2O3 and Mg phases towards reduction reaction. The reaction takes place after 

milling for 20 h since the LaB6 (ICDD Card No: 034-0427, Bravais lattice: primitive cubic, a = b = c = 0.416 

nm) and MgO (ICDD Card No: 045-0946, Bravais lattice: face-centered cubic, a = b = c = 0.421 nm) phases 

shown in Eq. (1) occur as the reaction products. Already, the reaction in Eq. (1) has a large negative free 

energy change which means that it takes place spontaneously and therefore it is thermodynamically feasible 

at temperatures between 25 and 2000ºC. Further milling for 5 h enables a rapid solid-state chemical reaction 

of the starting powders. In addition to LaB6 and MgO, 20 and 25 h milled powders contain a small amount of 

LaBO3 phase (ICDD Card No: 073-1149, Bravais lattice: primitive monoclinic, a = 0.634 nm, b = 0.508 nm, c 

= 0.418 nm). Moreover, the intensity of LaBO3 phase decreases from 20 to 25 h mechano-chemically 

synthesized powders, most likely referring to the decrease in its amount. Extended milling durations up to 30 

h only result in the occurrence of the LaB6 and MgO peaks without formation of any additional compounds. It 

can be interpreted that if sufficient milling duration to consume the stoichiometric reactants is not reached, 

LaBO3 emerges as an unstable phase at the end of the milling process. The intensity decrease and peak 

broadening in the LaB6 and MgO phases formed after 30 h milling imply decline in their average crystallite 

sizes and increase in their lattice strains. Fig. 1 clearly displays that there are no additional compounds 

between Mg-B, Mg-B-O and La-Mg which can be detected by the XRD analyses. The reaction product of the 

mechano-chemical synthesis for 30 h is also compatible with the La-B binary phase diagram showing the 

presence of LaB4, LaB6 and LaB9 phases in which LaB6 is defined as the stable compound [16]. 

 
Fig. 1 XRD patterns of the La2O3-B2O3-Mg powder blends after milling  

in a planetary ball mill for different durations 
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Fig. 2 DSC thermograms of the La2O3-B2O3-Mg powder blends after milling  

in a planetary ball mill for different durations 

DSC analyses were conducted on the milled (10, 15 and 30 h) products due to determine the thermal 

behaviors and the reaction completions of the La2O3-B2O3-Mg powder blends (Fig. 2). DSC curve of the 10 h 

milled powders shows that there are a broad exotherm between 500 and 600 °C peaking at about 570 °C 

and a sharp exotherm between 610 and 660 °C peaking at about 630 °C. On the basis of Fig. 1, 10 h milled 

powders contain La2O3, B2O3 and Mg phases. Although B2O3 and Mg respectively melt at 450 and 650 °C, 

there are any endothermic peaks corresponding to their melting. 10 h milled powders were heated up to 700 

°C for the identification of the two exothermic peaks monitored in Fig. 2. Subsequent XRD analysis of this 

sample reveals La2O3, Mg, MgO and LaBO3 phases. Thus, the broad and sharp exothermic peaks 

respectively emerge in consequences of LaBO3 formation and Mg oxidation. As seen in Fig. 2, the shape 

and place of the exotherms changed after 15 h milling. It became a very broad one exotherm between 500 

and 625 °C with a maximum point of 570 °C that it points out a more dominant formation of LaBO3. DSC 

curve of the 30 h milled powders displays any exothermic peak. This implies the completion of the reaction 

with no evidence of unreacted Mg and no formation of LaBO3, as compatible with the presence of LaB6 and 

MgO phases in the XRD pattern in Fig. 1. 

Fig. 3(a) and (b) represent the XRD patterns of the 25 h milled La2O3-B2O3-Mg powders after leaching with  

2 and 4 M HCl concentrations under the effect of ultrasonic stirring and heating accelerating the interaction 

of powder particles in the leach solution. After above specified treatments, it is seen from Fig. 3(a) that the 

unwanted MgO phase is not completely removed from the LaB6 powders since a very small amount of MgO 

was observed in addition to LaB6.  

 

Fig. 3 XRD patterns of the 25 h milled La2O3-B2O3-Mg powders after  

leaching with different HCl concentrations: (a) 2 M and (b) 4 M 
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Fig. 3(b) shows the complete purification of the LaB6 powders without any contamination of MgO or other 

residual compounds as magnesium chloride MgCl2 or magnesium hydrate MgCl2.xH2O. This means that 

leaching with 4 M HCl enables to obtain intense purple pure LaB6 powders as the final product. Supernatant 

liquid of the 2 M HCl leached powders includes 235 ppm B and 5350 ppm Mg whereas that of 4 M HCl 

leached contains 773 ppm B and 17063 ppm Mg. So, it is also proved by the AAS analysis that using 4 M 

HCl concentration as a leaching parameter provides higher dissolution of MgO. 

In order to measure the magnetic and electrical properties of the pure LaB6 powders, 30 h milled and 4 M 

HCl leached powders were chosen as a representative sample. According to the magnetic measurements 

conducted at room temperature between 0 and 640 kAm-1 this sample is diamagnetic. Besides, electrical 

resistance of pure LaB6 compacts was measured as 1.43 . A related study has been reported that LaB6 

displays an amazing diversification in magnetic and electrical properties, which it can be diamagnetic, 

paramagnetic, ferromagnetic and anti-ferromagnetic [17]. So, it can be said that these properties have a 

strong dependence on the stoichiometry, production method and impurity of LaB6. 

    
                 (a)                       (b) 

 
(c) 

Fig. 4 SEM images of the La2O3-B2O3-Mg powders after  

(a) 30 h milling, (b) 30 h milling and 4 M HCl leaching and (c) EDS measurement of (b) 

Fig. 4(a) and (b) demonstrate the SEM images of the La2O3-B2O3-Mg powders after 30 h milling and 

subsequent leaching of them at 4 M HCl. As seen in Fig. 4(a), 30 h milled powders have 

polygonal/spheroidal-shaped particles in sizes varying between 500 nm and 2 µm. After leaching, 

agglomeration is partially prevented and smaller particles can be more clearly observed without the presence 

of MgO phase. Fig. 4(b) shows pure LaB6 particles with an average size of 250 nm. The EDS system used 

was not appropriate for analyzing boron and hence only lanthanum element and Au coating material was 

detected in Fig. 4(c). Consequently, it is also proved by EDS measurements that 30 h milled and leached 

powders do not involve any residual element or contamination. 

4.  CONCLUSIONS 

A novel and simple process for the preparation of LaB6 powders was succeeded via a mechano-chemical 

route in a planetary ball mill with a 10:1 BPR, from the powder blends containing stoichiometric amounts of 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1400 

La2O3, B2O3 and Mg. The formation of LaB6 and MgO were accomplished after 20 h milling in the presence 

of a small amount of LaBO3. However, no peaks of Mg-B, Mg-B-O and La-Mg or other unstable La-B 

compounds were detected by XRD. Only LaB6 and MgO phases without any additional compound emerged 

as reaction products after 30 h milling. Subsequent leaching which was done at 4 M HCl concentration under 

the effect of ultrasonic stirring and heating enables to obtain pure LaB6 powders with an average particle size 

of 250 nm. 
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Abstract 

Metallic nanoparticles and bulk nanocrystalline materials became very popular recently. The nanomaterials 

can be utilized in wide spectrum of possible applications. It is due to their good mechanical properties such 

as high hardness and strength of the bulk materials and high specific surface or catalytic activity of 

nanoparticles. There are various methods how the nanocrystalline metals can be produced e.g. precipitation 

from liquids, rapid solidification or vapor deposition techniques. In this work, copper nanoparticles were 

prepared by selective dissolving of the aluminium matrix from rapidly solidified AlCu40 (wt. %) alloy in the 

sodium hydroxide solution. The prepared copper powder was characterized by various analytical techniques 

(e. g. electron microscopy and X-ray diffraction) and consequently uni-axially compacted. Mechanical 

properties of bulk samples were examined by microhardness testing. 

Keywords: nanocrystalline metal, copper, hardness, structure 

1. INTRODUCTION 

Nanocrystalline metals and metallic nanoparticles are solid materials with the structure constituents smaller 

than 100 nm. Increasing interest in these materials is caused by their remarkable mechanical and chemical 

properties. Since the grain sizes are small, a significant volume fraction of the microstructure is composed of 

interfaces, especially grain boundaries [1]. This is the reason why nanocrystalline metals exhibit higher 

hardness and strength in comparison to their coarse-grained form. Unfortunately, ductility is significantly 

reduced due to existing flaws, such as porosity, weak inter-particle bonding or chemical impurities [2,3]. 

Relation between the grain size and mechanical properties (such as hardness and yield strength (YS) 

mentioned above) can be described by well-known Hall-Petch equation [4]: 

YS = K1 + K2 d-1/2           (1) 

where K1 a K2 are the material constants and d is the grain size. In other words, the yield strength increases 

with decreasing grain size because of short length of the free-path of dislocations. Thus, a higher stress 

applied to material is required to move and generate dislocations in the neighboring grain [5]. As an 

example, yield strength of nanocrystalline aluminium alloy (commercially coded as 5083) reaches a value of 

about 713 MPa but its ductility is only of ~ 0.3 %. In contrast, the same alloy in its coarse-grained form 

exhibits the yield strength of 153 MPa [6]. In other aluminium alloys, the strength values of about 1500 MPa 

can be reached by sufficient structural refining [7]. However, in very small grains, the mechanism of 

strengthening and hardening of materials with decreasing grain size breaks down because grains are unable 

to support the dislocation pile-ups. This effect is usually expected to occur in most metals with grain sizes 

below 10 nm [8]. As a consequence, there exists a threshold grain size at which maximum yield strength can 

be achieved. Anyway, on the basis of experiments, several systems e.g. Cu and Ni have revealed that the 

Hall-Petch slope (K2 value in Eq. (1)) is reduced or even becomes negative below a certain grain size. This 

condition is known as the inverse Hall-Petch effect. Moreover, the transition in the Hall-Petch slope 

commonly occurs in materials with the grain sizes above 10 nm, where the dislocation pile-ups are still 

possible [5,9]. 

mailto:Ivo.Marek@vscht.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1402 

There are various methods, how to prepare bulk nanocrystalline metals or metallic nanoparticles. Vapor 

deposition techniques, inert gas condensation, precipitation from supersaturated liquids, rapid solidification 

and intensive plastic deformation can be mentioned as an example. This study is focused on the selective 

dissolving technique, which seems to be very promising for preparation of metallic nanoparticles. The 

principle consists in chemical reaction of an alloy with appropriate dissolving agent. One component of the 

alloy is selectively removed and undissolved residue remains dispersed in the liquid solution in form of 

nanocrystalline powder. Advantages of this technique are production of powders with grain size of less than 

10 nm, and low temperature of the process. Low temperature also effectively hinders the grain growth of 

particles [7,10]. 

2. EXPERIMENT 

Aluminium alloy with 40 % (wt.) of copper (AlCu40) was prepared by conventional induction melting under 

argon protective atmosphere followed by casting into a brass mold. After cooling, the ingot was subsequently 

re-melted and processed by melt-spinning technique in order to obtain very fine microstructure. This 

technique consists in ejecting of the melt onto a fast rotating copper wheel to produce rapidly solidified 

ribbons. These ribbons were used as an initial material for selective dissolving, because fine microstructure 

is very advantageous for acquiring nano-size-grained powders. As dissolving agent an aqueous solution of 

sodium hydroxide (20 wt. %) was used. The process was carried out at the temperature of 80 °C for 3 hours 

and aluminium matrix was dissolved according to: 

2 AlCu + 2 NaOH + 6 H2O → 2 Na[Al(OH)4] + 3 H2 + 2 Cu     (2) 

As copper does not react with sodium hydroxide, it remains in the solution in form of nanocrystalline powder. 

This powder was rinsed by distilled water up to neutral pH and by isopropyl alcohol respectively. 

Prepared copper powder was investigated by various analytical and microscopic techniques, namely light 

microscopy (LM, Olympus PME 3), X-ray diffraction analysis (XRD, PANalytical X’Pert Pro, Cu anode), 

scanning electron microscopy (SEM, TESCAN VEGA 3 LMU, W cathode), energy dispersive spectroscopy 

(EDS, Oxford Instruments), and high resolution transmission electron microscopy (HRTEM, Jeol JEM 3010, 

W cathode). Copper powder was cold uni-axially pressed with the pressure of 6 GPa. The reason why the 

high pressure was used for consolidation was to ensure sufficient diffusion contact between particles. Low 

temperature of pressing was used to suppress the processes running at elevated temperatures like 

recrystallization and grain coarsening. Due to small dimensions of the prepared bulk samples, mechanical 

properties were tested by microhardness measurements with a loading of 40 g (HV 0.04, Zwick) 

3. RESULTS 

TEM micrographs of nanocrystalline copper powder prepared by selective dissolving method are shown in 

Fig. 1. It is evident that powder is composed of clusters with size of few micrometers (Fig. 1a) and each of 

the clusters consists of many small particles. These particles, with the nearly regular shape, reach 

approximately 30 nm in diameter and are shown in the detailed TEM micrographs (Fig. 1b and 1c). In Fig. 

1d, there is a HRTEM image revealing atomic structure of single spherical particle, where regular rows of 

copper atoms are clearly visible. The average grain size was also estimated from XRD peak broadening β 

(the peak width in the half of its height) and X-ray wavelength λ using the Scherrer formula: 

d = 0.9 λ / β cos θ           (3) 

where θ is the diffraction angle. By this method, an average grain size of 25 nm was obtained. 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig. 1 TEM and HRTEM (d) micrographs showing structure of prepared nanocrystalline copper powder 

As stated above, one of the reasons why the bulk nanocrystalline metals are subjects for various researches 

is their unusual mechanical behaviour. Therefore, prepared nanocrystalline copper powder was compacted 

at the room temperature by the pressure of 6 GPa into a bulk sample. Before structural observation the 

sample was slightly etched. It is clearly visible from Fig. 2a that the bulk sample contains only few pores at 

the surface due to high pressure used for compacting. In addition, in Fig. 2a there are also visible many 

small clusters with a size of few μm. In order to estimate mechanical properties of the bulk nanocrystalline 

copper, microhardness tests were performed. The indentor imprint after microhardness measuring is shown 

in Fig. 2a as well. An important fact is that the corners of the indentor imprint are not surrounded by 

microcracks, which is the proof of good diffusive bonding between copper particles. This result confirmed 

that the consolidation method we used is suitable for preparing bulk nanocrystalline copper. In Fig. 2b, there 

is shown detailed structure of single cluster composed of many nano-sized particles. 
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a) 

 

b) 

 

Fig. 2 SEM micrographs of nanocrystalline bulk copper with trace of microhardness indentor and structure of 

the single small cluster 

The result of microhardness tests showed that the hardness of nanocrystalline copper reaches the value of 

196 HV 0.04. For comparison, the hardness of conventional coarse-grained copper is approximately only of 

about 50 HV. It means that significantly refined structure up to nano-scale grain sizes results in four-fold 

increase of hardness and this fact is in a good agreement with the Hall-Petch equation. The yield strength 

(YS) and the hardness (HV) are connected together: 

YS = HV / 0.3.            (4) 

Using this relationship it was found that the yield strength of nanocrystalline copper reaches about 650 MPa. 

In comparison to the conventional coarse-grained copper with yield strength approximately 150 MPa, this 

value is considerably higher. The Hall-Petch formula describing relationship between the yield strength and 

the grain size in pure copper is known in the following form [4]: 

YS [MPa] = 25 + 0.11 d-1/2 {d [m]}.         (5) 

Equation (5) was empirically found out for coarse-grained copper with the grain sizes ranging from tens to 

hundreds of μm, therefore the validity of this equation for nanocrystalline copper was verified. Considering 

the average grain size of 25 nm obtained by Scherrer formula, the yield strength calculated according to Eq. 

5 is 721 MPa which is slightly higher in comparison to the value resulting from the microhardness tests (650 

MPa). This fact can be explained on the basis of the inverse Hall-Petch relationship generally describing 

yield strength in nanocrystalline materials. This phenomenon has been described by many theories and all of 

them involve grain boundaries participating in the deformation process as it was stated above. To assess the 

inverse Hall-Petch behaviour of nanocrystalline bulk copper prepared in this work, other mechanical tests are 

needed to be done. 

4. CONCLUSIONS 

In this study, copper nanoparticles were successfully prepared via selective dissolving of aluminium matrix 

from rapidly solidified AlCu40 alloy in the sodium hydroxide solution. By cold high-pressure uni-axial pressing 
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a bulk sample was obtained. Mechanical properties of this sample were examined through microhardness 

measurements and it was found that hardness and yield strength are approximately four-fold higher in 

comparison to conventional coarse-grained copper. Therefore, using selective dissolving and subsequent 

uni-axial pressing it is possible to obtain very hard and strong bulk material. 
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Abstract 

The Sn-Ag-Cu solders are the most commonly used in industry as lead-free solders. Their usage brings new 

issues as the higher working temperature that leads to increase of copper contamination during soldering 

process. Higher amount of Cu in the solders may cause the undesired change of its properties. Solder of the 

composition of Sn99Ag0.3Cu0.7 were used for the experiment in the basic state and with increased amount 

of Cu to 0.85, 1.0 and 1.2 wt. %. The paper deals with the influence of changed chemical composition to the 

selected properties of solder: thermal properties, wettability, spreadability, microhardness and 

microstructure. The analyses were performed using optical microscopy and microhardness measurement. 

Keywords: lead-free solders, Sn-Ag-Cu alloys, wettability, spreadability, microstructures  

1. INTRODUCTION 

There are several criteria for a suitable choice of lead-free solders. Among the basic properties there are the 

environmental, mechanical, physical, soldering and economical ones. The lead-free solders comparing to the 

lead alloys possess different characteristics. The first difference is a higher melting point and thus a higher 

temperature of soldering which increases dissolution of copper into the solder during the soldering process. 

This fact has been shown by several authors [1,2]. The contamination of solder bath by higher amount of Cu 

may lead to changes of solder properties and thus lower quality of soldered joints might be produced [3]. 

The aim of experiment was to analyse some properties of the lead-free solders of the Sn-Ag-Cu type with 

different amount of copper. Spreadability, wettability and hardness were measured for all the solders. 

Thermal properties were determined by means of the differential scanning calorimentry (DSC). The influence 

of two chosen soldering flux on the analysed properties was examined. 

2. EXPERIMENTAL 

2.1 Experimental materials 

For the experiments the commercially available lead-free solder SACX0307 and the solder of this type with 

increased amount of copper were used. The solders were prepared from pure Sn, Ag and Cu metals 

(99.99 % purity). Precisely weighted amounts of all elements were melted in ceramics crucible using 

induction heating under argon protective atmosphere. As soon as all elements were mutually mixed and 

melted, the solder was poured on a stainless steel plate and freely cooled down to ambient temperature. The 

chemical compositions of the solders are shown in Tab. 1. Two types of rinse-free flux: SLS-65 and JS-

EUO1, which are specific for Sn-Ag-Cu solders, were used during experiments. 

 

 

 

file:///C:/Users/konference/Desktop/lydia.trnkova@stuba.sk
file:///C:/Users/konference/Desktop/milan.ozvold@stuba.sk


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1407 

Table 1 Chemical composition of solders 

Solder Chemical composition  Solder Chemical composition 

1    Sn99Ag0.3Cu0.7*  3 Sn98.7Ag0.3Cu1.0 

2 Sn98.85Ag0.3Cu0.85  4 Sn98.5Ag0.3Cu1.2 

      *Technical specification: 0.3 +0.15/-0.05 wt. % Ag, 0.70 +/-0.1 wt. % Cu, max 0.1 wt. % Pb. 

2.1 Preparation of samples 

The spreadability tests were carried out according to the standard STN 05 0041. A copper plate of 1mm 

thickness and of electrotechnical purity EN 1652 was used as the basic material for this examination. From 

this Cu sheet small plates of dimensions 35mm x 35mm were cut. Their surfaces were metalographicaly 

prepared by wet grinding using the sandy paper with grains of 600 and 1200. Particular solders of the weight 

of 1g and of the same shape were prepared in order to keep unchanged conditions while carrying out the 

spreading tests. The exact amounts of solders were melted in carbon scorifier consisting of drilled circular 

openings with diameters of 8 mm and depths of 10 mm (Fig. 1). The pieces of solders were inserted into the 

openings and consequently melted on an electrical plate. After that the solders were melted and then cooled 

freely down they obtained the spherical shapes as it can be seen in the Fig. 2. 

 

 

 

Fig. 1 Carbon preparation for sample casting Fig. 2 Samples for the spreading test 

2.2 Conditions for spreadability and wettability examinations 

Flux and solder were put in middle of the prepared Cu plates and afterwards the solder was melted in the 

laboratory furnace put on a heated copper cylinder. The working temperature was 270 °C which was of  

40 °C to 50 °C over the melting temperature of solder. The spreading test was carried out three times for 

each type of the solders and both fluxes. Evaluation of spreading, the determination of the solder area was 

done by means of the ImageJ software. 

The samples obtained from the spreading tests were also used for the wettability angle measurements. The 

samples were cut through the middle of the spread solder with a circular saw to visualize the solder contact 

area with the substrate. The contact angle was calculated by direct measurement between the substrate and 

the tangent of the solder using the Microsoft Office Visio software. 

3. RESULTS AND DISCUSSION 

3.1 Spreadability and wettability 

In Fig. 3a the solder Sn99Ag0.3Cu0.7 after spreading with the flux SLS-65 can be seen and in Fig. 3b that 

using the flux JS-EU 01. It was observed that the solder was spread uniformly with the flux SLS-65, the 

surface was bright the solder environment was due to flux cleansed without any traces of oxides. When 

using the JS-EU 01 flux the spread solder had spherical shape but moreover there were some residual 

oxides found in its environment. Fig. 3c shows the Sn98.85Ag0.3Cu0.85 solder after being spread when the 

flux SLS-65 was used and in Fig. 3d with that of JS-EU 01. The shape of spread area of this solder when 
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used both fluxes was less regular when compared to the commercial solder. The surfaces of spread solders 

were bright for both of the fluxes and the copper substrate stayed cleansed free of oxide traces. In Fig. 3e 

the Sn98.7Ag0.3Cu1.0 solder after being spread when flux SLS-65 was used and in Fig. 3f with that of JS-

EU 01 are shown. The surface of solder was bright but the area of spread solder with the SLS-65 flux was 

significantly smaller than for the JS-EU 01 flux. 

The area of the spread solder with the JS-EU 01 flux was more even, the surface of the solder was little matt, 

and the solder environment was cleansed without traces of oxides.  

The solder Sn98.5Ag0.3Cu1.2 can be seen in Fig. 3g after being spread when the SLS-65 flux was used 

and in Fig. 3h with JS-EU 01. The area of the spread solder when using flux SLS-65 showed the circular 

shape with bright surface. The area of the spread solder when using the flux JS-EU01 was very irregular but 

the spread area was larger than with SLS-65. The solder surface was matt and its surroundings were 

cleansed. The measured values of spreading areas of the studded solders and its classification according to 

the standards are given in Table 2. From Tab. 2 it can be seen that with the SLS-65 flux the spreading areas 

changed inappreciably or slightly increased whereas with the JS-EU 01 flux they increased noticeably with 

the increasing concentration of Cu. This documents how the spreading of solders is sensitive to the used 

flux. The contact angles were less sensitive to the change of the Cu content for individual fluxes. Tab. 2 but 

these angles were again noticeably smaller with the JS-EU 01 flux. 

 

 

 

 

 

 

 

 

 

Table 2 Spreadability and wettability of the solders 

Solder 

Flux SLS-65 Flux JS-EU 01 Flux SLS-65 Flux JS-EU 01 

Area 

(mm2) 

Degree of 

Spreading 

Area 

(mm2) 

Degree of 

Spreading 

Angle 

(°) 

Degree of 

Wettability 

Angle 

(°) 

Degree of 

Wettability 

Sn99Ag0.3Cu0.7 210 Good 183 Sufficient 21.2 Good 18.1 Very good 

Sn98.85Ag0.3Cu0.85 134 Sufficient 204 Good 27.6 Good 17.8 Very good 

Sn98.7Ag0.3Cu1.0 139 Sufficient 238 Good 27.5 Good 15.9 Very good 

Sn98.5Ag0.3Cu1.2 151 Sufficient 318 Very good 26.1 Good 15.3 Very good 

 

Fig. 3 Melted solders on Cu substrate 
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3.2 Microstructure of the Cu substrate - solder interface  

It has been shown that thick intermetallic compounds (IMC) layers decrease properties of soldered joints 

such as mechanical ones, fatigue life and fracture toughness [4]. Nevertheless, the IMC is inevitable for the 

formation of reliable joint between solder and substrate. During soldering the IMC layers of the Cu6Sn5 

and Cu3Sn composition are produced [5-8]. The IMC layers on the Cu - solder interface, Fig. 4, were 

examined on the same samples as have been used for the wettability angle measurement after their 

metallographic preparation. Owing to a short time of the soldering, the Cu6Sn5 phase was only observed at 

interface. The intermetallic layers formed with the solder Sn99Ag0.3Cu0.7 for both fluxes were continues 

and mild. Intermetallic layer thickness increases with increasing Cu content in solder. Discrete forms of IMC 

phases of Cu6Sn5 and Ag3Sn in the solder volume were observed, too. With the further increase of Cu, the 

layers became gradually thicker and more segmented with significant nodulations, showing the typical 

scallops. 
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Fig. 4 Intermetallic layers on Cu - solder interface 
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3.3 Measurement of solder microhardness 

To measure the microhardness the equipment BUEHLER Indentamet 1105 was applied. Microhardness was 

measured on solders before the spreading test was carried out. Pressure of 10 ponds and time of 10 s were 

applied. The microhardness was measured in both the dendritic and eutectic areas of the microstructure on 

five equivalent places. The microhardness of both regions gradually increased on increasing the copper 

content in solders. The average microhardness of dendrites in the solder with the Cu content of 0.7 wt. % 

rose from 9.8 HV0.01 to 12.4 HV0.01. The average microhardness of the eutectic region increased from 12.3 

to 14.5 HV0.01. All measured values are given in Fig. 5. 

 

Fig. 5 Solder microhardness 

3.4 Thermal analyses of solders 

The thermal properties of solders were measured 

by the DSC method using the NETZSCH STA 409 

CD equipment and evaluated using the software 

Proteus. Measurements were carried out under 

protective atmosphere of argon. Heating rate was 

10 °C/min and sample mass was about 6 mg. 

Equilibrium phase diagram was calculated in 

Thermocalc software using COST531 lead-free 

solder database. In Fig. 6, it is tin-rich corner of 

vertical section diagram and dashed lines represent 

Cu content in wt. % of 0.7 (A), 0.85 (B), 1.0 (C) and 

1.2 (D). It was observed that the copper content in 

the solder does not have any significant influence 

on the start melting temperature as it was stated in 

[9]. The end temperatures are shifted up due to 

higher content of Cu. As it can be seen from Tab. 3, 

the experimental and calculated values of the onset 

temperatures are very close one to other. However, 

the experimental DSC end temperatures are higher 

than calculated liquidus temperatures. 

 

Fig. 6 Tin-rich corner of calculated vertical section 

diagram for Sn-0.3wt.%Ag-Cu solder alloy 
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It was clarified in [10] that the solder bridging was related with surface tension and temperature difference of 

solidus and liquidus at a solder composition. An appreciable temperature difference between solidus and 

liquidus in the solder gives rise to the lower apparent surface tension in reflow process. Perhaps this 

together with higher density of the solders can explain the growth of spreading with increasing the Cu 

content as is given in Table 2. 

Table 3 Thermal properties of solders 

Solder type 

Temperature (°C) 

Solder type 

Temperature (°C) 

Experimental 

Onset / End 

Calculated 

Onset / End 

 

Experimental 

Onset / End 

Calculated 

Onset / End 

Sn99Ag0.3Cu0.7 217.1/ 228.6 217.5 / 227.0 Sn98.7Ag0.3Cu1.0 217.1 / 261.3 217.5 / 240.0 

Sn98.85Ag0.3Cu0.85 217.1/ 228.2 217.5 / 228.3 Sn98.5Ag0.3Cu1.2 217.1 / 271.0 217.5 / 253.0 

4. CONCLUSIONS 

The increased content of copper in the SnXAg0.3CuY (Y=0.7, 0.85, 1.0, 1.2 wt. %, X+Y=99.7) alloys and 

those of two chosen fluxes on the soldering behaviour was investigated. They were examined spreadability, 

wettability, thermal properties, microhardness and interfacial reaction of solder with Cu substrate, growth of 

intermetallic layers. The spreadability and wettability were less sensitive to the changed Cu concentration for 

the SLS-65 flux. With the JS-EU 01 flux, the spread area increased appreciably as increased the Cu content 

in solder. The wetting angle was less sensitive but it was still lower for this flux then for the SLS-65 flux. 

Melting temperature stared at the same temperature 217.1 °C, corresponding to eutectic composition of Sn-

Ag-Cu alloy. With the increasing content of Cu in alloys the liquidus temperature increased steeply up to  

253 °C for 1.2 wt. % of Cu as follows from the calculated phase diagram. We speculate that just this 

temperature difference between solidus and liquidus may mostly be responsible for the increase of 

spreadability with increasing Cu content. For our experimental regime simulating real soldering process, only 

the Cu6Sn5 phase was observed at the interface solder/Cu substrate. With increasing content of Cu, the 

intermetallic layers became thicker and more segmented with significant nodulations, showing the typical 

scallops. The microhardness of solders growth as the Cu contents in them goes up. The average 

microhardness of dendrites in the solder rose from 9.8 HV0.01 to 12.4 HV0.01 and that of eutectic region 

increased from 12.3 to 14.5 HV0.01. 
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Abstract 

Uzbekistan combustible slate’s resources reach 48 billions tons. Despite of their metal-bearing they never 

have been used as industrial raw material for metallurgy. Attempts of application of coke of their processing 

on Мо and V were known. The semi-coking way of slates processing with preliminarily bio-oxidation is 

offered. On its basis the technologies of liquid extraction and sorption of metals are developed. The first 

stage in the environment of aliphatic carboxylic acid and gas-condensate leads to disposal of "ballast": Fe, 

Al, Ca, Mg. The second approach in amine and tributylphosphate in kerosene media leads to selective 

separation of V, Mn, Ni, Ti, Zn, Cr, rare-earth metals from Mo, U, Cu, Cd, Tl, Re. For further selective 

extraction of metals the sorption on specific ion-exchange resins is offered. 

Keywords: slates, liquid extraction, sorption, rare-earth metals 

1. INTRODUCTION  

At an inorganic component of combustible slates of Uzbekistan there are clay (20 %), carbonates (tiff and 

dolomite), grains of quartz, feldspar (5 %), pyrite (10-15 %), kaolin (4 %), phosphates. Despite of their metal-

bearing state earlier they have not been used as industrial raw material for metallurgy [1], but laboratory 

tests have shown for coke from their burning the extraction of 58.6 % Мо; 37.9 % V, that in recalculation on 

an initial material’s mass has made 46.6; 31.6 % accordingly [2].  

Basing on a Baysun slate’s deposit (Uzbekistan) the technology of "through extraction” of molybdenum and 

vanadium with their recovery, accordingly, wt.%: 67.7 and 78.7, was offered. The following ways of 

processing of a pulverized slate-fuel ash were studied:  

1) sulphidizing roasting at 250 °С, 0.5 hour; water leaching (solid : liquid = 1:6);  

2) ashes sulphuric acid leaching, рН = 1.0; 1.5 hour, at 90 °С and solid : liquid = 1:2;  

3) ashes nitrate acid leaching at concentration of an acid 20 % at 3 hours; solid : liquid = 1 : 8, t = 90°С. 

According to the first one, the following amounts of molybdenum, vanadium and rare earth metals (REM) 

were recovered from the slates, accordingly, wt.%: 66.9; 84.7; 5.5, from a coke: 80.9; 87.9; 83.4, from a slag: 

71.6; 16.7; 7.5, from an ash at 500 °С: 86.3, 90.7; 85.8, from an ash at 850 °С: 85.8, 88.4 and 86.7. 

By 2006 year in Uzbekistan the way of processing of slates by low-temperature coking, with reception, 

except for fuel, metallurgical raw materials containing U, V, Mo, Ni, Ge, Be, Re, Ti, is offered. Thus, because 

of a volatility of a majority of their oxides, losses of metals have made 20 ÷ 40 %. Preliminary bio-oxidation of 

the slates raised metal’s recovery output at leaching of each raw material: pulverized slate-fuel ash, low-

temperature coke and slate’s slag with productive solutions obtaining. Anyway the technology of their 

extraction was absent. 

So the objective of a current research is to find ways of metals recovery from slate’s raw materials. 

mailto:vpguro@rambler.ru
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2. EXPERIMENTAL 

For element analysis of the slate’s samples - atomic absorptive spectrometer "Perkin-Elmer" RE 30300 and 

RE 23030 (USA), ICP mass-spectrometer Elan DRC II (USA), for semi-quantitative spectral analysis - 

diffraction spectroscope PGS-2 (Russia) were applied. The following samples of Baysun deposit’s slates: 

were studied for further hydrometallurgical testing: 1) initial slates, 1.0 kg mass (C); 2) a sulphuric acid 

state’s ashes leaching solution after slate’s bio-enrichment via acidation, bacterial & chemical 

decomposition, 1.5 litre volume (P); 3) a product of their direct pyrolysis, 1.0 kg mass (K).  

Method of slate’s samples preparation for precious metals analyses: sample’s mass 1 g should be mixed 

with 1.30 ml HNO3 (1:1), added to 5 ml Br, mixed and left under a glass for exposition for a half of an hour. 

Then a mixture is to be evaporated on a plate up to damp salts. To add 30 ml of an aqua-regia, to evaporate 

up to damp salts. Twice to evaporate about 5 ml HCl up to damp salts, to add approximately 40 ml of HCl (40 

%). To boil soft, to cool, to finish up to 100 ml in measured flask with HCl (40 %) and to filter in dry flasks. 

The first portion of a filtrate is to be rejected. To filter the rest portions. The solution is ready for analysis of 

Аu, Ag, Pd at the atomic absorptive spectrometer (Table 1). 

Table 1 Data of precious metals analysis in the samples (wt.%) 

Sample Аu Ag Pd 

С ~0.0006 0.00015 0.0042 

К ~0.0001 0.00120 0.0052 

Р 0.022 mg/l 0.038 mg/l - 

Semi-quantitative spectral analysis of the samples was executed at spectroscope PGS-2 (Table 2).  

Table 2 Result of semi-quantitative spectral analysis of samples “C” and “K” (wt.%) 

Element 
Concentration 

Element 
Concentration 

Element 
Concentration 

K C K C K C 

Si 10 10 Sr - 0.02 Cu 0.02 0.01 

Al 5 5 B - - Pb 0.001 0.001 

Ca 1 4 Mn 0.07 0.08 Zn 0.01 0.02 

Na 0.3 0.4 V 0.06 0.03 Ni 0.02 0.01 

K - - Ti 0.08 0.07 Co 0.0007 0.0004 

Fe 4 4 Cr 0.005 0.004 Mo 0.01 0.0002 

Mg 2 3 Аu - - Be 0.0001 0.0002 

P 0.4 0.7 Pt - - Y 0.001 0.003 

Ba 0.03 0.2 Ag 0.0005 0.0001 Yb 0.0001 0.0003 

Extraction of metals ions in a range 20 ÷ 70 оС was carried out in the media: electrolyte - aliphatic 

hydrocarbons, with a search for an optimum extractive metals selective system. The following extractive 

system were used: - paraffin aliphatic carbonic (fat) acids (kapronic, enanthic, pelargonic) - gas condensate; 

- ammonia - gas condensate - oleic acid -AC reagent-kerosene; alkyl amines: mono-ethanolamine (MEA), 

triethanolamine (TEA), in mixes with tributyl-phosphate (TBP), in kerosene. Extractive power (EP) was 

calculated basing on metals ions concentration in both phases: aqua and organic. 

3. RESULTS AND DISCUSSION  

Analyses has revealed the presence in solid samples, accordingly "C" and "K", of gold (6.0; 1.0 g/t), 

palladium (42; 52 g/t); and in a solution "P", g/l, of: gold 0.00002; manganese 0.08; Ni+Co 0.07; copper 0.05; 

zinc 0.04; chromium 0.02; cadmium 0.006; rare metals: vanadium 0.27; molybdenum 0.28; titanium 0.05; 
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thallium 0.003; cesium 0.0003; tungsten 0.0001; rhenium 0,0001; REM: uranium 0.02; cerium 0.001; 

neodymium 0.0009; lanthanum 0.0007; dysprosium 0.0004; gadolinium 0.0004, ytterbium 0.0002, 

praseodymium 0.0002, samarium 0.0002. It was necessary to pick up the ways of recovery of these metals 

from the solution "P" characterized with рН -1, besides the probable technologies: an ionic exchange and 

liquid extraction were known to be non-effective at рН below pH 2 ÷ 4. But an alkalization of the solution was 

accompanied with colloid gel formation of Fe, Al, Si hydroxides.  

For their separation the extraction of compounds of Fe, Al, Ca, Mg, Ba, Hg, Sb by fat acids (kapronic, 

enanthic, pelargonic) in gas condensate was tried out. In those systems an extraction of V(V) did not occur. 

The additive to acidic solutions of an equal parts of tributyl phosphate in kerosene has not helped. But at the 

same time the prevailing in that solutions Fe(III)-, Al(III)-, Ca(II)-, Mg(II)- ions were extracted (Table 3). 

The offered system managed to be rather perspective for separation of a "ballast": Fe(III)-, Al(III)-, Ca(II)-, 

Mg(II)-ions containing compounds: but for recovery of V(V)-, Mo(VI)-ions it displayed as unsuitable. 

The following stage became an approbation of extractive system focused on V(V)-ions recovery, containing 

MEA, TEA, in gas condensate, at mole relation MEA: V(V) = 3:1; and TEA:V(V) = 1:1 (Table 4).  

Table 3 The extraction of Fe(III)- and Al(III)-ions with fat acids in gas condensate 

Nr Element Concentration (g/l) 
Points of Fe, Al, Si hydroxides 

colloid formation (рН) 

Start points of the metals 

extraction (pH) 

1 

2 

3 

Fe(III) 0.0205 

1.5120 

4.8040 

3.35 

2.80 

2.55 

 

1.6 

4 

5 

6 

Al(III) 0.5198 

0.8657 

5.2456 

4.33 

4.25 

4.00 

 

3.4 

Table 4 Extractive power for V(V)-ions, initial 0.38 g/l, with amines and TBP  

Nr рН of the solution 
Vanadium (g/l) 

EP 
Aqua phase Org phase 

MEA, in gas condensate, mixed with a fat acid 

7 2 0.38 0 0 

8 5-6 0.38 0 0 

9 14 0.38 0 0 

ammonia in gas condensate, mixed with a fat acid 

10 12 0.26 0.12 0.46 

TEA, in gas condensate, mixed with a fat acid 

11 2 0.13 0.25 1.90 

12 5 0 0.38  

13 14 0.26 0.12 0.46 

TBP in kerosene, with acidation of mixtures with a hydrochloric acid 

14 -1 0.13 0.25 1.9 

TBP in kerosene, with acidation of mixtures with a sulphuric acid 

15 -1 0.26 0.12 0.46 

From solutions Nr 10-13, at рН 2 ÷ 14, the effect of amines and TBP consummation was positive: thus in the 

system: «ammonia-hydrocarbons-oleic acid-TBP» the extraction of V(V)-ions at рН 12 took place with EP 

value 0.46, in one stage. At replacement there of ammonia on TEA the extraction of V(V)-ions passed more 
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intensively, depending on рН. The optimum value for it had been рН 5 when EP value tended to infinity, 

which meant vanadium 100 % extraction.  

From extracts the vanadium re-extracted with equal volumes of nitric acid (2,5 mole/l) or with NH4Cl 10 % 

solution (рН 8-9), in ~ 30 minutes. As an effective extracting agent for V(V) recovery TBP in kerosene 

(Оrg:Aqua = 3:2, рН-1) was chosen (Nr 14-15, Table 4). EP value in the muriatic media reached the value of 

1.9, and in sulphuric acid - 0,46. Cu(II)-, Mo(VI)-, Cd(II)-, Sn(IV)-, Sb(V), Re(VII)-ions were extracted 

transiting to the organic phase, vanadium remained in the aqua phase that meant its division with Мо(VI). 

The same method turned out to be suitable for extraction metals from the productive slates leaching solution 

(Table 5) that has allowed to reach high values of division factor for rare and REM by concentrating in 

organic phase of V, Mn, Ni, Ti, Zn, Cr, lanthanides, and in aqua phase - of Mo, U, Cu, Cd, Tl, Re.  

Table 5 Extraction of metals from productive leaching solution mixed with TBP in kerosene and HCl  

Element 
Initially 

(mkg/l) 

After extraction 

(mkg/l) 
Element 

Initially 

(mkg/l) 

After extraction 

(mkg/l) 

Mo 283070.3 581.7 Zn 43270.2 17902.7 

V 271981.6 157618.9 Сг 21816.5 11717.2 

U 21363.6 1453,7 Cd 6162.1 83.6 

Мп 80505.0 46676.6 TI 2940.0 4,1 

Ni 64810.7 44637.5 La* >3000 >1500 

Ti 50970.4 39182.5 Re 157.5 2.2 

Сu 46195.8 4086.7 Pd 398.0 82.1 

* lanthanides in common 

Thus, by the example of the Baysun slate’s deposit, the attempt of development of bases of liquid-extractive 

concentration of valuable rare metals & REM in products of slate’s processing is made.  

The following research stage was devoted to the development of a way of preliminary purification of the 

above mentioned leaching systems from copper and few more metals, studying of isotherms of saturation 

and Мо(VI)-, V(V)-, Cu(II)-, Ni(II)- ions sorption on a surface of carrier ampholyte (Purolite S 930 resin), 

alkaline anionites (AV 17, Purolite А100 resins), depending on рН of the medias. As a result of, at 

temperature 20 оС, at resin’s volume in a dry condition equal to 10 ml, for modelling sulphuric acid solutions 

of slate’s leaching containing Мо, V, Cu, Ni, their isotherms of saturation and sorption were received. Thus 

for the resin Purolite S 930 its saturation with Cu(II)-, Ni(II)- ions at рН 2 took place rapidly but less full, than 

at рН 5. Purolite А100 was sated with Мо(VI), V(V) at рН 2-3 more rapidly but less full, than at рН 5-9.  

For Мо(VI)-ions sorption the values of exchange constants on anionites AV-17, Purolite A-100, Purolite A-

109, Levatite MP-64 were determined, and the decrease of their values was established at reduction of 

basicity of that resins. The vanadium sorption from slate’s leaching systems was investigated at рН-1 value. 

Thus, at passing through cationite Purolite C 100, then through anionite AV-17, it became clear that 5 % 

from initial V(V)-ions gathered on cationite surface. Hence, vanadium is submitted not only by anions with a 

degree of oxidation +5, but also with those forming cationic forms (vanadyl-ions etc). Non-sorbing part of it is 

involved in hetero-poly-condensation with ions Mo(VI), P(V) etc, thus explaining its absence on anionite AV-

17 surface at рН-1.   

In a range of рН 3-5 when the sorption on Purolite Ç-100 surface of V(V)-anions velocity is maximal, anyway 

it did not occur because of colloid gel formation of Fe, Al, Si hydroxides and above-stated hetero-poly-

condensation with ions Mo(VI), P(V) etc [3,4]. So, for effective concentration of V(V)-ions on resins 

stabilization of their degree of oxidation as well as correct selective resin choose are necessary. 
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Thus, basing on data of wastes of processing of Baysun deposit’s slates samples research the attempt of 

liquid-extractive and sorption process of recovery of valuable metals is undertaken. At the first its stage it is 

offered to remove from system "ballast" enriched with Fe, Al, Ca, Mg by its affecting with extracting system 

«aliphatic carbonic acid - gas condensate or kerosene». On the second, by application of extracting system 

based on alkyl amines in mixes with tributyl phosphate in kerosene, it should be suitable to separate V, Mn, 

Ni, Ti, Zn, Cr, REM from Mo, U, Cu, Cd, Tl, Re. For the further selective recovery of non-ferrous, rare metals 

and REM the sorption on specific ionites could be effective to apply. Necessity of the complex approach to 

the processing of such kind of raw material is confirmed. 

4. CONCLUSION 

In result, the analysis of samples of slates and products of their processing: a productive solution of a 

bacterial-chemical leaching of low-temperature coke and ashes of slate-fuel burning is executed. The high 

content of non-ferrous metals, especially of rare (Мо, V, Cu, Ni…) and rare-earth metals as well as the 

opportunity of their selective recovery by the methods of liquid extraction and sorption on selective ion - 

exchange resins is shown. Ways of processing of products of sulphuric acid leaching of combustible metal-

bearing slates are planned. 
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Abstract  

The main aim of this study was to design and manufacture the lab-type ballistic test apparatus which does 

not need firearms that carry out the ballistic test of metallic and composite armor materials, and realization of 

tests using Mg-based composite materials. To this end, an apparatus that runs without any pressure-related 

or explosive propulsion system but using gravity instead was designed. The apparatus allows creating the 

effect of different firearms and ammunition ranging pistols to rifles. Since the apparatus creates the impact of 

firearms (which have muzzle velocities up to 900 m/s) using gravity, its terminal velocity only reaches to 3.2 

m/s and it travels for only 0.32 s after fired (ran). Mg composites with different amount and size SiC 

particulate reinforcements were examined on this specially designed apparatus using 5.56 caliber 

ammunition. 

Keywords: magnesium, composite, ballistics 

1. INTRODUCTION 

High-technology companies increasingly rely on the technical and economic potential of innovative materials, 

as well as their workmanship and machining abilities, as a strategy for successful competition on the market. 

Additionally, politics and the public are demanding a more economical use of scarce primary energy sources. 

One of the key goals for the next decades will be the further reduction of emissions to lower the growing 

environmental impact. Taking this into consideration, the use of light metals as construction materials is 

generally viewed as becoming of key importance in the future. Although magnesium alloys are fulfilling the 

demands for low specific weight materials with excellent machining abilities and good recycling potential, 

they are still not used to the same extent as the competing materials aluminum and plastics. One of the 

reasons is the fairly high priced base material, coupled with the partial absence of recycling possibilities.  

On the other hand, the variety of magnesium available to the consumer is still limited to a few technical 

alloys. Unfortunately, there is a lack of know-how in the use of magnesium, not least within the companies 

dealing with the machining and application of construction materials. As a result, the industry still tends to 

use “conventional” materials instead of magnesium alloys [1]. 

Metal matrix composites (MMCs) consist of at least two chemically and physically distinct phases, suitably 

distributed to provide properties not obtainable with either of the individual phases. Generally, there are two 

phases, e.g., a fibrous or particulate phase, distributed in a metallic matrix. Examples include continuous 

A1203 fibre reinforced aluminum matrix composites used in power transmission lines; Nb-Ti filaments in a 

copper matrix for superconducting magnets; tungsten carbide (WC)/cobalt (Co) particulate composites used 

as cutting tool and oil drilling inserts; and SiC particle reinforced aluminum matrix composites used in 

aerospace, automotive, and thermal management applications [2]. 

Silicon carbide in particulate form has been available for a long time. It is quite cheap and commonly used 

for abrasive, refractory, and chemical purposes. Particulate SiC is processed by reacting silica in the form of 

mailto:akca@yildiz.edu.tr
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sand and carbon in the form of coke at 2400°C in an electric furnace. The SiC produced in the form of large 

granules is subsequently comminuted to the desired size. Two types of SiC particulate reinforcement are 

shown in Fig. 1. 

 

Fig. 1 SiC particulates with angular and rounded morphology, respectively [2]. 

Smaller ceramic particulates with a little amount volume fraction have significant influence on microstructure 

and mechanical properties of particulate reinforced magnesium matrix composites. Chen and his colleagues’ 

study illustrated that a little amount of 1 ÷ 2 m SiC particulates had great effect on grain refinement of 

AZ91D magnesium alloy [3]. 

Smaller particulate reinforced composites had been produced by a variety of methods: stir casting, 

disintegrated melt deposition, powder metallurgy, etc. However, stir casting method is preferred to other 

techniques for its capability in producing complex shapes at a high production rate and low costs [4-6]. 

AZ91D magnesium alloy is the most popular commercially available magnesium alloy. This alloy shows 

superior castability and good mechanical properties combined with good corrosion resistance for the high 

purity versions of the alloy. Typical applications include transmission casings, valve covers, intake manifolds, 

brackets, pumps, etc. Mg-Al-Zn based alloys like AZ31, AZ61, AZ80 and AZ91x are, in general, utilized for 

applications at ambient or slightly elevated temperatures primarily in the automotive and electronic industry. 

They successfully combine acceptable mechanical properties with good castability and relatively low 

production costs. 

experımental procedure 

AZ91D magnesium alloy (supplied by a local foundry in Istanbul) was selected as matrix alloy, and the 

chemical composition of AZ91D alloy was given in Table 1. SiC particulates (supplied by Good Fellows in 

U.K.) with the average size  

Table 1 Chemical composition of cast specimens 

Alloying Element Al Mn Zn Si Fe Cu Ni Mg 

(wt.%) 8.70 0.25 0.70 0.02 0.004 0.007 0.00015 balance 

AZ91D magnesium alloys reinforced with SiC particulates (SiCp/AZ91D) containing three volume fractions 

(2, 4 and 8 wt.%) were fabricated by stir casting. The whole fabrication process was conducted in a 

protective atmosphere of CO2 and argon to avoid oxidation in an induction furnace. The alloy was molten at 

700 °C, and then cooled to 600 °C where the matrix became semi-solid. As the SiC particulates were added 

into the molten, the melt was stirred for 30 min and then was rapidly reheated to 700 °C before casting. The 
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melt was poured into a preheated cast iron mold between 300 ÷ 400 °C (Fig. 2). After solidification, 

specimens were machined to place in gravitational ballistic test apparatus shown in Fig. 3. 

 

Fig. 2 Melting process and mold 

 

Fig. 3 Specially designed test apparatus and indenters simulation ammunition 

2. RESULTS AND DISCUSSION  

All specimens were subjected to ballistic impact test using parameters simulating M16A4 firing 5.56 × 45 mm 

NATO ammunition. Impact zones captured using a stereo-microscope are given in Fig. 4. 

Composition of each composite is given in Table 2. 
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Fig. 4 Macrographs of impact zones (a-e; f was destroyed during test) 

Table 2 Particulate reinforcements 

Designation a b c d e f 

wt.% SiC 2 2 4 4 8 8 

 7 32 7 32 7 32 

Maximum diameter (mm) 5.76 5.83 5.63 6.02 5.95 x 

Penetration depth (mm) 6.12 6.25 5.95 6.35 6.30 x 

 The SiCp/AZ91D composites were successfully fabricated by stir casting under CO2/Ar atmosphere. 

 Impact strength of composites reinforced with 7 m SiC particulate was higher than those reinforced 

with 32 m.

 Increasing amount of 32 m SiC particulates in matrix did not increased impact strength.

 Exceeding amount (over 4 wt.%) of 32 m SiC particulates led the test pieces to tear and made further 

examination impossible.

It has been concluded that SiC particulates with smaller particle size could refine the grain size of AZ91D 

matrix. This refining of grain size could increase the impact strength of overall structure. The addition of 

submicron-SiC particulates led to the increase of micro-hardness and elastic modulus of SiCp/AZ91 

composites, and they increased with the increasing of volume fraction of submicron-particulates in the 

AZ91matrix. 
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Abstract 

The subject of the performed research was testing infiltration techniques to manufacture metal foams with 

different cellular structure. Two procedures are used to create porous metal structures: Infiltration of liquid 

metal into the mould cavity filled with precursors or preforms and two stage investment casting. Regular 

cellular structure can be achieved using different types of performs, which fill the mould cavity. Using preform 

like a core not filling the whole mould cavity can enable to manufacture a casting with solid surface layer and 

internal porous structure. The preform must satisfy a certain number of criteria. In particular it must not 

contain disconnected islands of material so that it could be completely eliminated from the solidified metal. It 

must be made of a material that retains its shape during liquid metal infiltration (sufficient strength, low 

abrasion) and could be destroyed after casting to leave the porosities. According to the two stage investment 

casting process, a polymer foam e.g. polyurethane foam is used as a “lost foam pattern” The obtained 

castings are the exact replicates of the original polymer foam and have the highest porosities (80 ÷ 97 %). 

This type of foam provides a very promising application for example in the filtration of liquid metals. 

Keywords: porous metal materials, regular, irregular structure, casting 

1. METALLIC MATERIALS WITH POROUS STRUCTURE  

Porous metals and metallic foams are metallic materials containing pores in their structure, which are 

intentionally created. The term porous metal is the general term used for description of material with high 

porosity, while the term foam metal or metallic foam is used for porous metal produced by foaming. In 

addition, another term exists - metallic sponge, which is used for highly porous materials, in which the pores 

are interconnected in a complicated manner and the structure cannot be divided into individual cavities 

("structure with open pores") [1]. The term “metallic foam” is, however, used in the literature as a general 

description of porous material. 

1.1  Properties and use of metallic foams  

Aluminium and its alloys are most frequently used for metallic foams, mainly due to their relatively low 

density (~ 2700 kg·m-3), low melting point (660 °C), relatively high rigidity, toughness, and excellent 

resistance to corrosion. Aluminium foams exhibit good absorption of impact energy and damping capabilities, 

their inflammability and recyclability are also advantageous. Use of foam aluminium is optimal in the cases 

when at least two or more of its advantages can be used simultaneously [2]. 

Foam aluminium has tremendous application potential for lightweight structures. When the components 

made from them are adequately reinforced on their surface at the places of expected biggest tensile stress, it 

is possible to achieve a significant reduction of weight of these components, while maintaining the required 

mechanical properties. The foam composites have in comparison with hollow components better exploitation 

characteristics, such as high rigidity and damping capability, with only little increase in weight [3]. Foam 

aluminium is used in sandwich panels as an inner part, as filler of beam structure or as permanent cores of 

aluminium castings. 

mailto:vlasta.bednarova@vsb.cz
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Metallic foams due to their highly porous structure are capable of absorbing large amounts of mechanical 

energy during deformation [3]. Thanks to this feature they are used for deformation zones of vehicle, 

elevators and conveyors, for protective packaging of the transported goods, for light armours of the 

armoured vehicles, airplanes and helicopters reinforced by corundum ceramics with increased resistance to 

penetration of the projectile and to the effects of pressure waves caused by explosions of ammunition [4]. 

The components made of foam aluminium have a good ability to dampen vibrations and absorb noise [3]. 

The aluminium foams with open pores are moreover used as heat exchangers, due to their large surface 

area and high thermal conductivity in combination with good resistance to corrosion. On the other hand, 

thermal conductivity of the aluminium foam with closed pores is small and it can be used at the design of 

various non-flammable heat shields and heat insulators. Although many polymeric foams have often better 

sound insulation properties, foam aluminium finds good application also in this field, wherever higher rigidity 

or absolute non-flammability is required as well. It is used mainly for the production shells for high 

performance heat sources or of industrial floats resistant to high temperatures and pressures, etc. [4]. 

Thanks to their non-flammability, low relative weight and good sound damping properties, metallic foams are 

used for claddings, suspended ceilings, soffits, partitions in offices, elevators cabins, doors, furniture details, 

etc. 

The ability of aluminium foam to absorb electromagnetic radiation, i.e. electromagnetic shielding, is used at 

production of the covers for sensitive electronic devices [4]. The foams with open pores are used as filters 

with high thermal and chemical resistance. They can make internal parts of the fuel tanks, where they in the 

case of an accident prevent rapid leakage of flammable media [7]. A wide range of other applications exists 

as well, such as electrodes, materials for catalysts, etc. 

1.2  Production of metallic foams 

Many ways exist for production of porous metallic materials. Some technologies are similar to those for 

foaming of polymers, while others have been developed with regard to the characteristic properties of 

metallic materials, such as their ability to sintering, or the fact that they may be deposited electrolytically. 

Porous metallic materials can be produced from a melt of metal, from metal powder, from metal vapours or 

from ionised metal [2]. The following text will describe the production methods performed with use of 

selected foundry processes. 

2. EXPERIMENTAL 

The experiment was focused on the design and verification of the proposed processes for the production of 

porous metals by simple and inexpensive method for creation of cellular structures with use of gravity casting 

of molten metal into conventional moulds. The intention is to use operations for processing of liquid metal, 

which allow direct production even of components of complicated shape without necessity of further forming, 

welding and machining, and with use of traditional foundry processes at overall low costs. 

Two procedures for creation of porous structures were tested: 

 infiltration of metal into the cavity filled with a perform, 

 a two-stage process of precision casting - investment casting. 

2.1  Infiltration of molten metal into the mould cavity with preform type filler  

This method is based on the infiltration of metal into the mould cavity with a filling material, i.e. with preform 

with a solid rugged construction. The resulting casting has a regular porous structure, which is the negative 

of the preform. The preform can fill the whole cavity of the mould and then we get a casting with open pores 

without surface layer, or the perform can be used as a foundry sand core, which creates inner cavities of the 

casting. In this case we get a casting with regular cellular structure and with solid surface layer. 
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A common foundry technology PUR Cold Box was used for the production of preforms (cores). Chemically it 

is a phenolic urethane amine curing system. The binder consists of two liquid components, the first 

component is modified phenolic resin, the curing agent is diphenylmetandiizocyanate, the reaction is 

catalyzed by triethylamine. The mixture is prepared above the machine in a vertical paddle mixer (with four 

straight wiper blades), it is then conveyed by gravity over the core box and then shot in the core box. Curing 

is ensured by blowing of gaseous tertiary amine, which acts as a catalyst at formation of polyurethane resin, 

through the core. Special shape of internal cavities has been designed, which would suit the intentions of 

production of castings with rugged interconnected internal cavities and with large internal surface enabling 

e.g. efficient heat exchange. On the basis of this proposal a core (Fig. 1) was manufacture using 3D printing 

- FDM from an ABS plastic material, which then served as a pattern for the production industrial core box 

operation for production of cores by shooting. The material used for a core box was wood with a plastic clad. 

Thus manufactured cores (Fig. 2) were inserted into the mould cavity in six layers and they form a preform 

(396 spherical cavities, individual ball touch by six facets with diameter of 4.5 mm the neighbouring balls) - 

they therefore correspond to the regular cellular arrangement of identical cavities in the casting. In this way 

trail castings from CuSn and AlSi alloy were cast, as well as castings with lamellar and spheroidal graphite 

(Fig. 3). 

  

Fig. 1 Model of the core made of ABS plastic 

material  

Fig. 2 Core made by the technology Cold Box amin 

 
Fig. 3 Casting made of the alloy AlSi (on the left) and CuSn (on the right) 

2.2  Two-stage process of precision casting - investment casting  

The principle of this method is that the open cavities or polymeric foam are filled with material having 

sufficient refractoriness (e.g. plaster). Polymeric foam designated for use as an investment evaporative 

model must not contain any closed cells and all the pores must be interconnected. We used in the 
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experiment a polymeric foam Bulpren S 32450. Its parameters and material properties are listed in Table 1. 

Bulpren S is reticulated polyurethane foam based on polyester. The cellular structure is fully open and it 

contains no closed cells, which is achieved by thermal reticulation process, during which all the cell 

membranes, which remained after foaming, are broken and then merged with cellular ribs. The foam has 

a calibrated cell size, uniform cell structure and three-dimensional network. The calibrated size and 

openness of the cells ensures a constant efficiency at filtering, while the three-dimensional network can be 

used at a high degree of dustiness without substantial loss of pressure. The actual amount of foam ribs 

represents only 3 % of the volume of foam. 

Table 1 Basic parameters of the foam Bulpren S 32450 

Number of pores 

[PPI] 

Bulk weight 

[kg/m3] 

Limit of elongation 

[%] 

Tensile strength 

[kPa] 

Cell diameter 

[μm] 

10 27 ÷ 31 150 75 3800 ÷ 5200 

At casting of very fine metallic foams with high porosity the plaster must ensure exact filling of polymer foam 

cavities, and it must create after solidification a solid shell, preferably easily removable after solidification of 

the metal. During the experiments we verified plaster designated for precision casting of non-ferrous alloys - 

Kerr Lab Satin Cast. Due to the fact that the manufacturer does not specify the exact mineralogical 

composition of the supplied plaster, we used for the dilution of the plaster the manufacturer's 

recommendation. Metallic foam copies the shape of the polymer foam. The final product is characterised by 

a very thin-walled network structure, therefore formation of highly perfect network structure requires creation 

of conditions for achieving high fluidity of the used melt. That's why we used in experiments the alloy 

AlSi10MnMg, as an alloy with a very small interval of solidification with almost eutectic composition with very 

good fluidity. It is the alloy according to the standards CSN 42 4331, CSN EN 1706, and the alloy AlSi10Mg 

with numerical designation EN AC 43100. It is an alloy of slightly sub-eutectic type with low contents of tramp 

elements, and with excellent foundry and technological properties, which meets all the requirements 

necessary for the casting by very diverse technologies. The alloy creates a very dense structure with no 

tendency to the formation micro shrinkage porosities, it has small change of its volume during solidification 

and very small tendency to crack formation. 

The device Indutherm 15 (Fig. 4), enabling a combination of melting in vacuum and an overpressure at 

casting was used for manufactured of moulds and for casting. 

  

Fig. 4 Device Indutherm 15 Fig. 5 Turning of the device at casting 

The plaster was mixed with water in the ratio 100 weight parts of plaster and 38 weight parts of water; the 

mixing is performed in vacuum in order to prevent gasification of the plaster (vacuum mixer Indu Mix - 5 

minutes of mixing). This is followed by placing of the polymer foam representing the evaporative pattern into 

the cuvette filling of the foam with the prepared plaster. The whole process runs also in vacuum and with use 
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of vibration in order to ensure better filling of the cavities (4 minutes of vibration). The plaster moulds were 

first dried for 8 hours at 60 °C and then heat-treated (160 °C/8 h → 320 °C/8 h → 800 °C/8 h), in order to 

strengthen the plaster, to remove the polymer foam and to improve the fluidity (fibre thickness ranges from 

0.2 to 0.46 mm). The device is at casting rotated by 90° (Fig. 5), the casting takes place under and under 

pressure of 0.1 MPa, and after casting an overpressure of 0.2 MPa is automatically developed perfect for 

ensuring the perfect filling even of the smallest cavities and for achievement of the maximally dense 

structure of the cast metal. The last stage of production consists in removal of gating and plaster (Fig. 6) 

from internal cavities of castings. The plaster was removed by dissolving in water - with use of water jet, in 

water bath by ultrasound; in order to increase efficiency of dissolving we verified also use of a water bath 

with a low concentration of weak acids (e.g. HNO3). Fig. 7 shows a perfectly cleaned casting (dimensions - 

50x50x20 mm). 

  

Fig. 6 Casting with the gating after its removal 

from the mould  

Fig. 7 Casting after removal of the gating and 

plaster  

3. DISCUSSION OF THE OBTAINED RESULTS  

3.1  Infiltration of the molten metal into the mould cavity with perform type filler  

The experiments have demonstrated the possibility of using one foundry operation and conventional foundry 

process for production of a casting with internal regular cavities and strong continuous shell. This method is 

based on the infiltration of metal into the mould cavity with a filling material with a solid rugged construction, 

which is used as a foundry core and which makes it possible to create in this way a continuous surface shell 

of the casting. Mixture for the core must meet the requirements for sufficient strength, low abrasion and good 

shelf life. Good disintegration of preforms should be guaranteed after casting and solidification of the casting. 

The biggest advantage of this method is the ability to control not only the size of pores and of porosity, but 

mainly the regular structure of internal cavities and the related possibility of achieving the optimal and 

predictable mechanical and thermal properties of the material throughout the whole volume of the casting. 

3.2  Two-stage process of precision casting - investment casting  

The course of experiments made it possible to determine the optimal conditions for the fluidity of metal for 

the given type of casting (manner of inlet of the gating system, temperature of the plaster mould), the method 

of removal of plaster from the inner cavities of the casting, as well as suitable type of plaster. The main 

advantage of the technology is the ability to manufacture porous metals of the highest porosity (up to 97 %). 

Due to the size of the produced foams, the design of the used casting device enabled two methods of gating 

inlet - from the top and from the side. Removal of plaster from the casting is a complicated process, which is 

related mainly with the fact that it is necessary to remove the plaster from the very fine metallic foam, which 
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must not be damaged. The smaller the dimensions of the casting, naturally the simpler and shorter is 

dissolution of the plaster. Our intention to produce porous metals with use of simple foundry procedure and 

to obtain by ordinary foundry technologies a shaped casting with porous structure does not correspond with 

this technology. Although it is true that the technology of precision casting with evaporable investment wax 

pattern (used and expanded for the production of special castings) is similar, only the wax pattern is replaced 

by the lost foam pattern and this method can therefore be classified as a commonly used technology for the 

production of precision castings, it, however, requires special equipment. 

CONCLUSIONS 

During our work we managed to propose and verify two methods for production of metallic foams. With use 

of a preform, which is composed of cores made of sand mixtures, it is possible to obtain a casting with 

precisely defined properties and porosity. Our experiments have demonstrated the possibility of production 

of the casting with regular internal cavities and with strong continuous shell by one foundry operation and by 

ordinary foundry process. Our intention for the next period is to study the appropriate shape, size and 

distribution of pores in respect to the requirements for the maximally possible inner surface with 

interconnected cavities providing heat exchange or the ability to damping of an impact. With use of the 

technology of lost foam pattern we obtained castings with irregular structure, which was given by the initial 

material (polyurethane foam). Despite the time-consuming production and use of special equipment the area 

of use of these castings is very wide, as evidenced by the interest in the industrial sector. For these reasons, 

the works in this area will continue, including the verification of the properties of castings with porous 

structure and verification of the conditions for recycling of the plaster. 
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Abstract 

Investigate the potential use of the metal waste own production in the manufacture of mono-crystalline 

permanent magnets alloy UNDKT5AA. It is known that the repeated use of the waste in the alloy accumulate 

harmful impurities (carbon, sulphur, nitrogen) and magnetic properties of permanent magnets are reduced 

[1-3]. To prevent this phenomenon applied additional preparatory clean source of charge materials, as well 

as changed the technology of melting and casting alloy UNDKT5AA. Formed at the metal waste has reduced 

content of impurities. Using such wastes as a component of the charge, were made of mono-crystalline 

permanent magnets. Modes of cultivation and heat treatment of the magnets were standard. The chemical 

compositions of the alloy magnets match the specified value. The number of harmful impurities in the alloy 

was in permissible limits. Magnetic properties of magnets to meet the requirements of existing standards [4]. 

Thus the cost price of manufacture of mono-crystalline permanent magnets has decreased more than  

on 30 %. 

Keywords: mono-crystalline magnets, metal wastes, pollutants, recycling, and magnetic properties 

1. INTRODUCTION 

At the present time mono-crystalline permanent magnets on the basis of the material UNDKT5AA are the 

core element of many of electrical machines and devices in the systems of navigation and control of aviation 

and space technology. For production of single crystals with a perfect crystal structure as the components of 

the batch used materials of high purity, because the impurities, contained in these materials, lead to a 

change in the nature of crystallization of the alloy, the formation of new centres of crystallization and, 

ultimately, to a decrease in the magnetic properties of permanent magnets [1,3,5]. In connection with this the 

Prime cost of the production of mono-crystalline of permanent magnets is very high. 

The aim of this work is to study the possibility of the use of metal waste own production instead of net charge 

materials in the manufacture of mono-crystalline permanent magnets alloy UNDKT5AA and reduction of the 

cost of these magnets.  

2. EXPERIMENTAL RESULTS AND DISCUSSION 

For the manufacture of monocrystalline permanent magnets as a charge materials used pure metals of the 

following brands: cobalt Сo-0 GOST 123-98, Nickel Ni-0 GOST 849-97, copper M-0 GOST 859-2001, 

aluminum Аl99 GOST 11069-2001, titanium high cleaning specifications of the Russian Federation 48-4-

282-73, iron carbonyl refined specifications 14-1-1720-76. For the introduction of sulphur in the alloy used 

synthetic ligature of the iron-sulphur. 

To melt the alloy and produce billets with a polycrystalline structure used vacuum induction furnace WIS-

0.016. The process of melting and pouring of molten into a mold conducted in an atmosphere of purified 

argon. Mono-crystalline work piece received cultivation in fireproof containers of pure aluminum oxide with 

mailto:lpikm@vlsu.ru
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the help of high-frequency vacuum unit with induction heating «Mould-203» at the speed of movement of the 

heat node of 0.2 ÷ 0.5 mmmin-1. 

The content of sulphur and carbon in metals and alloys determined with the help of Express - analyzers al-

7932, an-7529 and ELTRA CS-800 (Germany). Control of magnetic parameters of produced with the help of 

the PERMAGRAPH-300 (Germany).  

At the first stage of the research analyzed the actual content of impurities, carbon in the source of charge 

materials used in the manufacture of permanent magnets. The results of the research are given in Table 1. 

Table 1 The carbon content of the initial charge materials 

The name and mark of the 

material 

Carbonyl 

iron 
Co Ni Cu Al 

Titan high 

cleaning 

Ligature of the 

iron-sulphur 

Carbon content (wt.%) 0.04 0.05 0.008 0.02 0.02 0.008 0.424 

As can be seen from Table 1, the largest amount of carbon contains carbonyl iron, cobalt, and the ligature of 

the iron-sulphur. A significant amount of carbon contained also in aluminum and copper. It should be noted 

that the content of carbon in these materials more than indicated in the certificates of the manufacturer. 

To reduce the carbon content in carbonyl iron and cobalt was held additional remelting of these materials in 

a vacuum induction furnace with the addition of Fe2O3, taken as a solid oxidizer in the amount necessary to 

complete binding present in the melt of carbon. In result it was possible to reduce the carbon content of 

these metals in almost 4 times (Table 2). 

Table 2 The content of impurities, carbon in the materials after remelting together with solid oxidizer 

As can be seen from Table 2, refining of carbonyl iron and cobalt with solid oxidizer (in this case with Fe2O3) 

is an effective method of cleaning from impurities of carbon. 

Along with scrap materials was identified additional source of pollution magnetic alloy carbon. It was the 

material of receiving-and-filling the Cup. To eliminate direct contact of the melt with the material of the Cup in 

her inner part were installed protective inserts made of pure aluminum oxide, made by the method of plasma 

spraying. 

In Table 3 presents data on the carbon content in magneto-solid alloy UNDKT5AA in various versions of the 

technology of smelting alloy and execution of the drilling of the Cup. 

Table 3 The carbon content in the alloy UNDKT5AA after the operation of melting and casting into a mold 

Versions of the technology of steel alloy and execution of the drilling of the 

Cup 

Carbon content in the alloy 

(wt.%) 

1. Melting alloy without additives Fe2O3, casting melt without the use of 

inserts of Al2O3 
0.041 

2. Steel alloy with the addition of Fe2O3, casting melt without the use of 

inserts of Al2O3 
0.012 

3. Steel alloy with the addition of Fe2O3, casting melt with the use of inserts 

of Al2O3 
0.006 

Material 
Carbon content (wt.%) 

To remelting After remelting 

Carbonyl iron 0.04 0.01 

      Cobalt grades K-0 0.05 0.013 
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Low-carbon metal waste magneto-solid alloy UNDKT5AA formed after melting of advanced technology 

(option 3), were used as components of the mix material in the manufacture of mono-crystalline permanent 

magnets. Net charge materials in this 30 %, 50 % and 100 % have been replaced by low-carbon waste. In all 

cases, the technological regimes of growing single crystals of thus obtained alloys, as well as the modes of 

their thermo-magnetic and mechanical processing, were the same. 

Measurements of the magnetic properties of single crystals of permanent magnets have shown, that 

replacement of up to 50 % of net charge materials for own production waste does not lead to a decrease in 

the magnetic properties. With the further increase in the content of waste in charge magnetic properties of 

magnets are slightly reduced, but still remain within the requirements of Russian standards. Thus cost price 

of production of single crystals of permanent magnets reduced by about 30 %. For finding-out of the reasons 

of reduction in magnetic properties, which occurs when using the waste in a quantity of more than 50 %, 

further experiments. 

CONCLUSIONS 

The use of solid oxidizers in smelting magnetic alloy UNDKT5AA and protective plasma-sprayed inserts of 

pure aluminum oxide by the filling of the mold allows you to significantly reduce the carbon content in the 

alloy, which gives the opportunity to use the net the charge components up to 50 wt.% of their own metal 

production waste, without reducing the level of magnetic properties of single crystals of permanent magnets 

and approximately 30 % lower the cost of production of these magnets. 
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Abstract  

In this study, the effects of the oxygen content and degree of long-range order on microstructure, electrical 

and mechanical properties of sintered Fe-50 wt.% Co material were investigated. The specimens were made 

by means of hot pressing. Some of them were afterwards subjected to a disordering treatment. The 

specimens were tested for density, electrical resistivity, hardness, bending strength and impact strength 

determination, they were analysed for oxygen content, and subjected to X-ray diffraction and metallographic 

examinations. It has been observed that oxygen has a direct bearing on grain growth during hot pressing of 

the material which, apparently, showed tendency to ordering on cooling-down after densification. 

Keywords: cobalt, iron, hot pressing, disorder-order transformation 

1. INTRODUCTION  

Now, there is a growing interest in using powders of near-stoichiometric iron-cobalt alloys as binders in the 

manufacture of diamond-impregnated tool components [1, 2, 3]. The equiatomic iron-cobalt alloy, which has 

the A2 type body centered cubic crystal structure at elevated temperatures, undergoes a transformation from 

its disordered to its ordered state when cooled below the critical temperature Tc = 730 °C, as is visible from 

the phase diagram (Fig. 1) [4]. The different atoms arrange themselves into preferred lattice positions to get, 

a super-lattice made up of two interpenetrating simple cubic lattices, in the ideal situation. The iron-cobalt 

structure always departs from perfect order, in practice [5]. 

Perfect order can be attained only when the iron-to-cobalt atomic ratio is equal. However, as Fig. 1 shows, 

the ordered α' phase can exist over a considerable range on either side of the stoichiometric composition. 

This indicates that the ordered lattice may accept some variations in composition without becoming unstable. 

A pure binary iron-cobalt alloy is reported to be extremely brittle, but the addition of vanadium 2 wt.%, has 

been found to enhance its mechanical properties [2]. Vanadium improves the ductility of Fe-Co, by 

scavenging interstitial impurities and by slowing the ordering kinetics without altering the order-disorder 

temperature and phase relations [2, 6]. 

The fully ordered material yields at a stress lower by around 40 % as compared with its disordered 

counterpart [6]. A characteristic feature of the effect of order on the deformation behaviour is a change from 

wavy slip to planar slip [1, 2, 6]. In the disordered material, slip occurs on all planes containing <111> 

directions, whereas ordering confines slip to (110) planes on which, as long-range order increases,  

In the quenched condition iron-cobalt alloys retain a high concentration of vacancies [7] and a considerable 

degree of short-range order owing to a tendency for atoms of different species to be nearest neighbours, 

even above Tc [8]. This may also contribute to the high yield strength as compared with the fully ordered 

material [1, 2, 6, 7, 9, 10].  

In stoichiometric FeCo, disordering markedly increases the lattice resistance σ0 [1] and decreases the 

parameter K [1,7,11] in the Hall-Petch equation: 

σY = σ0 + K d-1/2           (1) 

mailto:jamrozek@tu.kielce.pl
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which describes the relationship between the yield strength σY and the grain size d. In off-stoichiometric 

alloys K behaves in a similar manner, although the effect of disordering on it is dramatically stronger on the 

iron-rich side of stoichiometry [7]. 

A reasonably clear inverse relation between the Hall-Petch parameter K and ductility implies that disorder, 

even when confined to grain boundary regions, should be sufficient to ease slip transmission at grain 

boundaries and to reduce the stress concentration [1]. This hypothesis is based on observations of the effect 

of boron additions on compositional disordering and consequently on the improvement of ductility [1]. 

Recently, it has been proposed, however, that the increase in ductility should be related rather to slip 

refinement by fine boride precipitates than to boron-induced disordering [2]. 

More recent investigations have indicated that premature grain boundary fracture can take place even in the 

disordered state [2]. Therefore mostly intergranular fracture, with some transgranular cleavage, occurs 

irrespective of the degree of long-range order [12]. The addition of vanadium generally suppresses grain 

boundary fracture and leads to transgranular cleavage [2, 7, 12] or dimple-type ductile shear [2, 7]. 

Improved ductility of ternary FeCo-2V, brought about by small additions of boron and carbon which have 

been found ineffective in binary FeCo, seems to corroborate the slip-refinement mechanism [2]. 

 

Fig. 1 Co - Fe phase diagram [1] 

2. EXPERIMENTAL METHOD AND MATERIALS  

The iron-cobalt specimens were prepared from a mixture of carbonyl iron powder (BASF Germany) and 

extra-fine cobalt powder (Umicore Belgium) by hot pressing in a graphite mold. To alter the oxygen content 

in the specimens, the powders were taken from different shipments, in both as-received oxidized conditions. 

The powders morphologies are shown in Fig. 2. 

The elemental powders were mixed in a Turbula mixer for 1 hour and densified by hot pressing in a graphite 

mould for 2 minutes at 900 °C and 35 MPa. The as-consolidated specimens were tested then for density and 

hardness determination by means of the water displacement technique and Rockwell B test, electrical 

respectively, and subjected to a 3-point bending test, impact test and measurements of electrical resistivity. 

The measurements were carried out on specimens in both as-hot pressed and disordered condition. 
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a)  b)  

Fig. 2 Experimental powders: a) carbonyl Fe (BASF Germany), b) extra-fine Co (Umicore Belgium) 

The disordering treatment consisted of annealing at 800 °C for 15 minutes in an inert gas atmosphere, 

followed by quenching into iced water. Representative specimens were examined by means of a scanning 

electron microscopy (SEM), light microscopy (LM) and X-ray diffraction (XRD). 

3. RESULTS AND DISCUSSION 

The results of measurements are given in Table 1 whereas selected bending curves are presented in Fig. 3. 

Table 1 Properties of the experimental materials in as-hot pressed and disordered condition 

Batch 

Designation 

Density 

[kg/m3] 

Electrical Resistivity 

[·cm] 
Hardness RB # 

Impact Strength 

[J/cm2] 

Mean 

Oxygen 

Content 

[wt.%] 

Hot 

pressed 
Disordered 

Hot 

pressed 
Disordered 

Hot 

pressed 

Disordere

d 

B1 8070 5.74 6.53 - - - - - 

B2 8090 - - 101.9±1.0 102.9±1.2 1.1 2.6 0.59 

B3 8100 - - 102.2±0.8 103.1±1.8 1.1 1.5 0.52 

B4 8100 - - 92.7±3.9 96.6±3.5 1.3 2.9 0.35 

B5 8140 - - 90.9±3.0 95.9±0.9 1.4 3.1 0.31 

B6 8100 -  96.4±3.8 - 1.2 - - 

B7 8110 -  91.7±2.1 - 2.2 - - 
  # scatter limits estimated at 90 % confidence level 

A big scatter of the hardness and bending strength results for batches B4 and B5 is presumably a result of 

tendency of the material to grain growth due to low oxygen content. The oxidized material is less prone to 

grain growth during consolidation because of the pinning of grain boundaries by dispersed oxides. All these 

phenomena are shown in Figs 4 - 7. 

 
a)      b)  

Fig. 4 Micrograph a) and fracture surface b) specimen B2-1 after the bending test 
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Fig. 3 Selected bending curves. Rockwell B hardness values for specimens in as-hot pressed and (where 

applicable) disordered condition are given in brackets 
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a)      b)  

Fig. 5 Micrograph a) and fracture surface b) specimen B4-1 after the bending test 

 

 

 

 

 

a)      b)  

Fig. 6 Micrograph a) and fracture surface b) specimen B4-2 after the bending test 

 

  

 

 

 

a)      b)  

Fig. 7 Micrograph a) and fracture surface b) specimen B4-3 after the bending test 

As seen in Fig. 4, the alloy microstructure consists of a fairly uniform distribution of iron inclusions in a 

cobalt-iron matrix, which has been confirmed by SEM fitted with the EDX detector. A marked increase in 

impact strength, degree of plastic deformation at failure, hardness and specific resistivity observed in case of 

heat treated specimens implies that a significant degree of long-range order is present in the iron-cobalt 

phase after hot pressing.  
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4. CONCLUSIONS 

The following conclusions can be drawn from the analysis and test results. 

1) A mixture of carbonyl iron powder and extra-fine cobalt powder (50:50 % by weight) can be 

consolidated to near-full density by hot pressing for 2 minutes at 900 °C and 35 MPa. 

2) Thereby obtained material has a microstructure which consists of iron inclusions uniformly distributed 

in a (CoFe) solid solution. 

3) Uncontrolled grain growth is observed during hot pressing at 900 °C of specimens containing less than 

0.35 wt.% oxygen, whereas an oxidized material containing above 0.5 wt.% oxygen shows a fine-

grained microstructure. 

4) A brittle, ordered cobalt-iron phase arises on cooling the alloy upon the hot pressing operation. 

5) By reheating the material to 800C, holding at temperature for 15 minutes and quenching into iced  

water, it is possible to restore good ductility, high mechanical strength and higher electrical resistivity 

to the material. 

LITERATURE  

[1] Zhao, L. Baker, I. The effect of grain size and Fe:Co ratio on the room temperature yielding of FeCo. Acta 

Metallurgica et Materialia, 1994, vol. 42, no. 6, pp. 1953-1958. 

[2] George, E.P. Gubbi, A.N., Baker, I., Robertson, L. Mechanical properties of soft magnetic FeCo alloys. Materials 

Science and Engineering A, 2002, vol. 329-331, pp. 325-333. 

[3] Brookes, K.J.A. Hardmetals Star at South Africa's PM Symposium. 2000", Metal Powder Report, vol. 55, no. 11, 

pp. 22-24. 

[4] Binary Alloy Phase Diagrams. Edited by Massalski, T.B. ASM International Materials Park, Ohio, 1990, vol. 2, pp. 

1186-1187. 

[5] Cullity, B.D. Stock, S.R. Elements of X-ray diffraction. Third Edition, 2001, Prentice-Hall, Inc., Englewood Cliffs. 

[6] Stoloff, N.S. Davies, R.G. The plastic deformation of ordered FeCo and Fe3Al alloys. Acta Metallurgica, 1964, vol. 

12, pp. 473-485. 

[7] Baker, I. A Review of the mechanical properties of B2 compounds", Materials Science and Engineering A, 1995, 

vol. 192-193, pp. 1-13. 

[8] Taylor, J. X-ray Metallography. John Wiley and Sons, Inc., New York, 1961. 

[9] Novotný, K. Effect of temperature on the deformation behavior of brass alloys. In Formability of Metal, Conference 

Proceedings. Ostrava: TANGER, 1997, pp. 9-14. 

[10] Chen, C.W. Wiener, G.W. Brittleness of cobalt-iron alloys. Journal of Applied Physics, 1959, vol. 30, no. 4, pp. 

199S-201S. 

[11] Marcinkowski, M.J. Chessin, H.C. Relationship between flow stress and atomic order in the FeCo alloy. 

Philosophical Magazine, 1964, vol. 10, no. 107, pp. 837-859. 

[12] Marcinkowski,. M.J. Larsen, J. The effect of atomic order on fracture surface morphology. Metallurgical and 

Materials Transactions, 1970, vol. 1, no. 4, pp. 1034-1036. 

[13] Timmins, P.F. The influence of superposed hydrostatic pressure on yielding and failure of an iron-cobalt-

vanadium alloy. M.Sc. Thesis, University of Bradford, U.K., 1974.  

[14] Pfeiler, W. Ordering and disordering in alloys. Elsevier Applied Science, London & New York, 1992, p. 43. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1438 

INTERGRANULAR FRACTURING SUSCEPTIBILITY OF METALLIC NICKEL HAVING SMALL 

BULK CONTENT IN SULPHUR 

Djamal BOUTASSOUNA a, René Le GALL b, Ibn Khaldoun LEFKAIER a 

a LSF, Université de Laghouat, Laghouat, Algeria, d.boutassouna@mail.lagh-univ.dz  
b LGMPA, Ecole Polytechnique de l’Université de Nantes, France, EU, rene.legall@polytech.univ-nantes.fr  

Abstract 

The influence of the annealing temperature on the intergranular fracturing susceptibility of a metallic Nickel 

based system having composition of 0.8 mass ppm sulphur is investigated. Auger electron spectroscopy 

(AES) and scanning electron microscopy (SEM) have been the main methods used for inspecting the ability 

for in-situ intergranular fracturing of the grain boundaries of our material. The samples were first annealed at 

sufficient temperatures for proper equilibrium time, and then quenched at room temperature. The relationship 

between sulphur grain boundary segregation and the intergranular fracturing is then considered.  

We found upon our experiments that at high temperatures that range from 700 to 800 °C, the analysis 

reveals full ductile fracture of the samples. However, the only sample that presents a partial intergranular 

fracture is that one annealed at 650 °C. The average grain boundary composition for this sample is 15 at.% 

of sulphur which concords the critical sulphur concentration for the embrittlement of Nickel.  

Keywords: fracturing, sulphur segregation, grain boundary, embrittlement, in-situ 

1. INTRODUCTION 

The attention to segregation phenomenon is coherent with the huge growth in the knowledge about the 

materials science. This phenomenon repeatedly occurs during the preparation of materials for various 

applications in industry. Grain boundary segregation have, in a remarkable way, a considerable effect on the 

behavior of elaborated materials when faced to external stresses. Hence, the understanding of the 

segregation phenomenon gains a great practical importance. In the last decades, the investigation of grain 

boundaries has been carried out using a diversity of methods, but the most important technique that has 

been frequently the tool to put a figure on grain boundary quantification is Auger electron spectroscopy 

(AES). Although the spectroscopic measurements of the grain boundaries composition, obtained through in-

situ fracture along the boundaries, give fairly accurate results, such experiments are not reliable when the 

material is not likely to be intergranularly fractured. Under these conditions, an idea of segregation to grain 

boundaries can be obtained by direct analysis of free surface segregation sample [1-3]. Nevertheless, Auger 

spectroscopy analysis proved to be a powerful tool in materials science and especially in the field of grain 

boundary analysis.  

2. STUDIED SAMPLES 

The nickel-based alloys are model systems for studying the effects of impurity elements (few ppm) on the 

general behavior of metals. Indeed, Nickel with its crystallographic and physico-chemical properties, is very 

similar to austenitic stainless steels with the advantage of the not exhibition of phase transformations [4]. 

Due to the segregation of sulphur to the grain boundaries of nickel, this later becomes more fragile and 

particularly susceptible to in-situ fracturing [5, 6, 7]. In this work we study sulphur segregation to the grain 

boundaries of a nickel based alloy carried out at an appropriate temperature range. The Ni(S) studied 

mailto:d.boutassouna@mail.lagh-univ.dz
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system (noted SV220) is a synthetic Nickel based matrix, prepared in vacuum oven then hot-rolled in the 

form of tape of 8 cm width and 3 mm thick. The chemical composition is presented in Table 1.  

Table 1 Chemical composition of the SV220 Nickel based system (wt. ppm) 

Element S Al O N C Mg Si Cr Ti Mn Fe Co Cu 

Concentration 0.80 150 5 ~0.4 ~25 1.3 83 2.0 0.19 0.87 45 4.3 2.0 

3. PREPARATION OF SAMPLES FOR INVESTIGATION 

The material (metallic alloy SV220) is cut in the form of bars with the dimensions 20x8x3 mm3, then 

polished, placed in vacuum sealed ampoules and annealed at different temperatures ranging from 600 to 

850 °C [7]. The annealing time is determined using the kinetics hetero-diffusion properties of sulphur in 

Nickel [8]. In this way, it is necessary first to calculate the coefficient of diffusion for every temperature; then 

using the diffusion kinetics model, the value of the annealing time is determined. The values of the obtained 

annealing time for each temperature are gathered in Table 2. The annealed samples are subsequently 

quenched at room temperature in water. 

Table 2 Annealing time for the different studied temperatures 

T (°C) 850 800 775 750 725 700 650 

t (h) 44 140 288 144 720 1586 4968 

4. AES SPECTROSCOPY ANALYSIS  

Test tubes long of 15 mm and thick of about 0.4 mm are prepared (Fig. 1). Notches in the middle of the thin 

part of the tube are achieved to facilitate the fracture in-situ. 

 

10 mm 

0,4 mm 

Notches  

15 mm 

 

Fig. 1 Schematic illustration of the test tube for in-situ AES analysis 

The sampled are in-situ cold fractured in vacuum. The achievement of temperatures values of about -180 °C 

was insured by a liquid nitrogen flow. Upon this cold fracture, the sample is transferred into the analysis part 

of the AES spectrophotometer. 

5. GRAIN BOUNDARY ANALYSIS RESULTS 

According to the chosen values of annealing temperatures that range from 650 to 850 °C, 7 Ni(S) samples 

were submitted to the Auger grain boundary analysis. Fig. 2 shows an example of SEM imaging obtained 

upon cold fracture of the sample annealed at 750 ° C.  
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Fig. 2 SEM image obtained upon cold fracture of NiS sample annealed at 750 °C 

As it can be noted, the sample shows complete ductile fracture which is agreement with other works for 

nickel-sulphur systems [9]. On the other hand, As well, all the samples annealed at temperatures ranging 

from 700 to 850 °C show also absolutely ductile fracture. The fracture surfaces for these samples do not 

present sulphur rich facets that may insure brittle fracture of the grain boundaries. The only sample that 

presents a partial intergranular fracture is that one annealed at 650 °C (Fig. 3). 

 

Fig. 3 Auger image obtained upon cold fracture of NiS (0.8 atomic ppm) sample annealed at 650 °C, “p” 

refers to “point” and indicates the analysis position 

We believe that the value of the amount of sulphur in the grain boundaries in the samples plays the main role 

in the mode of fracture, that is, to obtain a brittle fracture, the amount of sulphur in the grain boundaries 

should reach a certain threshold estimated in some works to 15.5 ± 3.4 at.%. [10, 11]. Fig. 4 presents the 

derivative spectrum obtained for the sample annealed at 650 °C. 
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The amount of sulphur in the grain boundaries is calculated according the following formula [12]: 

NiNiSS

SS
S

HH

H
X






           (1) 

where X is the atomic concentration in the grain boundary,  the sensibility parameter with S = 13.76 and 

Ni = 1.53 the average sulphur grain boundary concentration for more than 22 analysis points for this sample 

id calculated and the value obtained upon calculation of the standard deviation is 15.08 at.%. Table 3 shows 

the results and the remarks brought about the analysis of our Ni(S) system. 

Table 3 Results of Auger grain boundary analysis of the nickel based system with 0.8 wt. ppm of sulphur 

Temperature (°C) 850 800 775 750 725 700 650 

Result / feature 
ductile 

fracture 

ductile 

fracture 

ductile 

fracture  

ductile 

fracture  

ductile 

fracture  

ductile 

fracture  

15.08 % 

partial 

The main feature with this system is the failure to achieve intergranular fracture of the sample annealed 

above 650 °C. We underline here that for each annealing temperature we have prepared at least 3 samples 

and in cases that show unusual behavior, we were obliged to redo the analysis, however the result was the 

same. The real mechanism of this behaviour is still misunderstood because of the difficulty to obtain 

intergranular fractures in vacuum, and also because in our case, the brittle feature of the grain boundaries is 

only partial. Nevertheless, one can note the increase of the ductility with the augmentation of the annealing 

temperature.  

In iron and nickel based alloys containing sulphur, cracking is believed to occur often by S segregation and 

induced decohesion. However, this embrittling effect of sulphur can be affected by the interaction of the other 

alloying elements and impurities such as manganese and chromium. In iron based alloys, the presence of 

manganese considerably decreases the solubility of sulphur. However, it has been shown that in nickel 

based alloys, manganese has no effect on sulphur segregation [13] the only reason that only 650 °C exhibits 

partial brittle fracture while at higher temperatures only ductile feature are seen, is the very small bulk 

content in sulphur in our system. 

Fig. 4 Auger derivative spectrum for NiS (0.8 ppm) sample annealed 

at 650 °C, and cold fractured in-situ 

d
(E

.N
)/

d
E

 

E (eV) 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1442 

6. CONCLUSION 

Equilibrium segregation of sulphur to the grain boundaries of metallic nickel depends on its content in the 

bulk. In our work, Auger electron spectroscopy has been the main method to study equilibrium segregation 

of sulphur to the grain boundaries of a metallic Nickel based system with sulphur bulk content of 0.8 mass 

ppm. The main feature is the failure to achieve intergranular fracture of the sample annealed at temperatures 

higher than 650 °C where the samples exhibit all ductile Fractures. For the sample annealed at 650 °C, 

Auger quantitative analysis provides an estimation of an average grain boundary composition of about 15.08 

% atomic of sulphur which is in agreement with other studies on the critical sulphur concentration to the 

embrittlement of Nickel. 
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Abstract  

Tungsten powders (20 ÷ 100 µm) plasma generated by a water-stabilized spray system WSP®. The molten 

tungsten was deposited on steel and graphite or boron nitride substrates, whereas the sprayability itself was 

tested as well as compatibility with other substrates. One of the goals of this experimentation was to gain 

skills for covering of variously shaped walls of nuclear fusion devices (tokamak). Also, spraying of free-

standing tungsten bodies was realized, by means of substrates easily removable after deposition, such as 

graphite and BN. Other variant consists of covering of a tungsten mesh or plates armored with tungsten 

wires. Protection of tungsten against oxidation in the plasma jet was a problem to be solved - the best results 

were gained with Ar + 7 % H2 shroud gas, with substrates placed in graphite cells. The whole spray process 

was maintained to avoid temperatures over 700 °C when the oxidation is inherent. Spraying onto rotating 

substrates, when a delamination was prevented, was proved as advantageous. The sprayed products were 

examined for their structure, density, porosity, content of oxides and also chemical interactions with selected 

substrates. 

Keywords: tungsten coatings, tungsten filters, plasma spraying, shrouding 

1. INTRODUCTION 

Thermal spraying, and particularly plasma spraying is the most advanced approach to obtain the highest 

accessible temperatures in the solid materials processing. Refractory materials with the highest melting 

points (Tm) could be processed, such as tungsten metal (Tm = 3420 °C) or Zr- and Hf- carbides (Tm = 3850 

°C). In the present work, we are focused onto production of tungsten coatings on various substrates 

including metal, ceramics and carbon. Other topic of our paper is spraying of self-supporting forms, such as 

tubes. And finally, we are also mentioning variously shaped bodies made from spheroidized tungsten filters 

suitable for a hot media filtration.  

2 SOLUTION OF THE PROBLEM 

Tungsten is an element very sensitive to oxidation at high temperatures, which is demonstrated by a DTA 

and TG curves, Fig. 1. Over 700 °C, seriously detrimental oxidation takes place. Also the use of tungsten 

over such temperature needs protection of inert atmosphere. In plasma spraying, the key point is to prevent 

oxidation in the plasma and also minimize oxidation of the deposited coating upon cooling. Among the ways 

how to ascertain this step, air-tight chambers or various types of protective shrouding - by nitrogen, argon, 

argon-hydrogen mixture are important, as well as so called auto-shrouding that utilizes addition of small 

amount of tungsten carbide [1, 2]. The solution of this problem described here consists of utilization of the 

central part of the plasma plume only (with a neutral red-ox profile), dimensions of which could be derived 

from a plasma spray footprint, see Fig. 2. According to the velocity and temperature profiles of tungsten 

particles fed into a water-stabilized plasma (WSP®), Fig. 3, as recorded by the DPV-2000 apparatus, Fig. 4, 

the spray parameters could be specified as: torch power 160 kW, feeding distance 25 to 80 mm, spraying 

distance 190 to 300 mm, feed rate 25 to 40 kg·h-1 [3, 4]. 

mailto:vlastimil.brozek@vscht.cz
mailto:ctibor@ipp.cas.cz
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Fig. 1 DTA and TG curves of 

tungsten 

Fig. 2 Spray plume footprint 

profile (i.e. coating thickness 

distribution - left and its shape - 

right) 

Fig. 3 Spraying with the WSP® 

generator 

 

  

Fig. 4 a) Typical temperatures and velocities of individual W particles, b) Dependence of W particle 

temperatures and velocities on spraying distance 

3. EXPERIMENTAL PART 

3.1 Deposition of tungsten coatings 

Tungsten powder (OSRAM Sylvania Towanda) with size distribution 20 ÷ 100 μm was obtained and oxygen 

content was analyzed by the fusion in an inert gas (GFA) [5,6] using the analyzer LECO ONH836. In the 

finest particles, under 20 µm, the oxygen content was 2.78 wt.%, whereas in the fraction 50 ÷ 63 µm it was 

only 0.028 wt.%. This feedstock was in the first variant of the experiment used directly for plasma spraying 

and in the second variant it was sprayed into a collector filled with liquid nitrogen, to obtain spherical particles 

[7]. The powders were spheroidized by the following process: A narrow size distribution powder was injected 

in a plasma jet generated by the plasma torch WSP® operated under 160 kW power (320 V, 500 A). The 

feeding distance was between 50 mm and 77 mm, the feeding rate of different tungsten powder by two 

external injectors was between 25 and 30 kg.h-1. Spraying distance between the nozzle orifice and the 

substrate as well as the level of liquid nitrogen in the collecting vessel were both between 300 mm and 400 

mm. As a carrier gas, nitrogen was employed at a pressure 0.4 MPa. During the flight through the plasma 

having temperatures up to 30 000 K, tungsten particles melted and spheroidized in course of solidification 

due to their surface tension. Spherical particles enabled easier sorting of the size fraction necessary for 
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injection in the narrow central, chemically neutral, part of the plasma plume. The content of bonded oxygen 

in this size class (mean size 90 µm) was 0.12 wt.%. Coatings on steel (standard label CSN 11 373), 

graphite, boron nitride and aluminum substrates were protected against oxidation and simultaneously cooled 

by a placement in a graphite chamber with an input window, Fig. 5. The dimensions of the window were 

made with respect to the spray footprint to allow only the particles travelling in the central part of the plasma 

to form the coating. The chamber was flushed by Ar with 7 % of hydrogen. Temperature field in individual 

equipment parts was monitored by the thermal camera Micro-Epsilon TIM 160. After reaching of 450 ÷ 600 

°C, the spray process was interrupted by the operator and continued just after temperature decrease below 

300 °C. Examples of coated parts are in Fig. 6, their polished microstructures in Figs. 7 and 8, and 

properties of the deposits in Table 1. 

WSP

Plasma jet

Liquid/melted particles (FFP)

Powder

injection

Feeding distance FD

S
p

ra
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in
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Graphite tube with window

Input of protective gas Ar+H2

ATJ substrate

Track-moving machine,

Displacement pusher

 

 

Graphite tube

Graphite tube

Input Ar, H2
Sample-substrate

Exhaust, plasma radicals, H2,Ar

Protective tube

 

Fig. 5 Scheme of plasma spraying of tungsten coatings on movable or stationary substrates and the detail of 

graphite protection tubes 

  

 

Fig. 6 Examples of W-coated parts on Al (left), W-wire armor (middle), and graphite (right) 

3.2 Preparation of tungsten free standing parts 

Coatings were applied onto aluminum, graphite and hexagonal boron nitride substrates by the process 

described in the chapter 3.1, but with higher thickness, typically about 2 mm. The spraying was followed by 

Al-substrate leaching in 30 % solution of warm NaOH. The substrates made from graphite or BN were 

removed mechanically by careful lathing and brushing. On a contact surface between W and graphite, thin (1 

÷ 3 µm) layer of WC was formed. Its actual thickness was influenced by the duration of the spray process 

and given by the empirical (x2=Dτ) value of the diffusion coefficient of carbon into tungsten, D = 2.11 ÷ 

3.17x10-12 m2·s-1. With the BN-substrate, no chemical reaction of tungsten was observed. Another variant of 

spraying was the armoring of a body based on a skeleton from W-wires fixed on a surface of removable 

graphite substrate, Fig. 6. 
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Table 1 Properties of the sprayed tungsten deposits 

 Tungsten coating ad 3.1 process  Tungsten FSP ad 3.2 process 

Hardness HV 10N In cross-section direction 519 ± 5 In spray direction 553 ± 12 

Bulk Density at 0.1 MPa (g.cm-3) 15.93 16.92 

Apparent (skeletal) Density (g.cm-3) 18.36* 18.97* 

Oxygen content (wt.%) 1.76 ( R2=0.608) 1.88 (R2=0.802) 

Porosity vol.% 13.1 11.4 

Total Pore Area (m2/g) 0.04 0.021 

Average Pore Radius (2V/A; μm) 0.427 0.638 

* note: Relative calibration at the same conditions - compact tungsten Metallwerk Plansee density  18.91 g.cm-3 

 

 
 

 

Fig. 7 Polished cross section of W coating Fig. 8 Polished cross section of W FSP 

3.3 Preparation of the tungsten filters 

Spheroidized tungsten powder (Fig. 9) was used for the experiments. A nitrogen atmosphere above the 

liquid nitrogen level in a product collector suppressed the tungsten oxidation. Impact on the collector walls 

may deform some particles with higher kinetic energy. Therefore, a vibration shape classifier was developed 

and used to select powder products of a defined geometric shape [8]. The preparation of the filters consisted 

of sintering of shape-classified (spherical) powders of narrow size classes (20 ÷ 40 μm) by common metal 

filter production technologies. Prior to sintering, the powders were compacted into cylindrical plates under 

100 MPa pressure with a temporary binder - 6 wt.% AC 112 acrylate suspension in alcohol. First set was 

prepared by hot isostatic sintering in ASEA HIP D 320 apparatus at 1750 °C and in Ar protective 

atmosphere. Mechanically strong filters resulted from the second set, prepared by high pressure compacting 

in a HP BELT type apparatus at 1950°C (Figs. 10 - 12). Due to technical limitations of this apparatus, only 

circular filter plates up to 25 mm diameter were prepared. In the present time, we are verifying sintering of W 

filters by Spark Plasma Sintering (SPS) technique (up to 2200 °C, 40 MPa). 
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Fig. 9 Photo of spheroidal 

particles 

Fig. 10 Tungsten micro-filter 

(diameter 15 mm) 

Fig. 11 Detail of the 

microstructure by confocal 

microscopy  

Fig. 12 Hg-porosity 

measurement of tungsten 

filter prepared by HIP 

sintering at 1750 °C  

4. RESULTS AND DISCUSSION 

The microstructure of the W coatings on all substrates is the same as on removable substrates, and its 

lamellar fashion confirms an acceptable melting of the feedstock powder. The main problem is the presence 

of WO3 inter-layers, which originates during spray interruption applied for cooling of the as-sprayed deposit. 

In the case of substrates placed in the graphite protective chamber (Fig. 5) and application of an inert gas 

(Ar + 7 % H2), for the single-spray periods duration 15 seconds, the individual layers have thickness 500 µm 

(Fig. 13). Smaller substrates were more sensitive to the rise of temperature and spray process had to be 

interrupted each 5 seconds. The spray process consisted of 5 s deposition plus 15 s cooling for small 

substrates and 15 s deposition plus 25 s cooling for larger samples. As an illustration we will list results of W 

coating on carbon cylindrical substrate with diameter 20 mm and length 100 mm. From the polished 

materialo-graphic section, an XRD pattern was recorded and the content of bonded oxygen was measured. 

A semi-quantitative WO3 content based on XRD corresponds to the GFA data, i.e. 1.52 to 3.05 wt.% of 

oxygen. Tungsten free-standing parts removed from a BN substrate (diameter 10 mm) contained 1.7 to 2.6 

wt.% of oxygen after the same number of the spray cycles. As a proof that all WO3 is localized in the inter-

layers (dark inFig. 13), Raman micro-spectrometry (DRX Nicolet) was done. Fig. 14 shows the Raman 

spectra. The Raman mapping was done in the whole sample section with a 5 µm step.  

 

Fig. 13 Layers and inter-

layers as a result of spray 

interruption 
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 Fig. 14 Raman spectrum of an inter-layer build from WO3 (left) and neighboring 

metallic tungsten - distance of measured points was 500 μm (see  Fig. 13) 

As is known, the position on Raman-active bands depends on the W/O ratio and chemical bond type. Also 

the variability of all present oxides between WO2 and WO3 can be detected. The sharp peak at 806 cm-1 

corresponds to W-O stretching and the peak at 274 cm-1 to W-O bending vibration, consequently the sharp 

peaks at 256 cm-1 and 316 cm-1 are assigned to the bending vibration O-W-O. The Raman peak at 256 cm-1 

is typical mode indicating the crystalline character of WO3 accessible already at 300 °C [9]. 
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The short extent of this contribution permits us to describe only some properties of the tungsten filter 

products, to illustrate the applied technology. Pore size distribution of the 20 ÷ 40 μm powder sintered by the 

HIP and BELT methods is shown in Figs. 11 and 12. Median pore radius of the HIP-ed product is 6960 nm, 

average pore radius is 6544 nm. Apparent skeletal density is 15.51 g·cm-3, (theoretical density of pure 

tungsten is 19.3 g·cm-3), bulk density 8.77 g·cm-3, open porosity 43 %. Air permeability (159.4 mol.m-2.s-1 or 

21400 cm·min-1 at 0.4 MPa) and water permeability (2480 mol.m-2.s-1 or 70 ÷ 75 cm·min-1 at 0.110 MPa) of a 

HIP-ed W-filter was determined. Further, informative mechanical parameters were determined, such as 

flexural strength modulus (> 208 GPa). 

5. CONCLUSIONS 

The compacting of tungsten powders or spheroidal particles by plasma spraying could form coatings or 

robust free-standing parts that all can have a variety of rather complex shapes. As a result, special layered 

structures can be formed, with alternate layers of nearly pure metal and others with substantial content of 

oxides. Their thickness and the oxide content is governed by the spray parameters, namely temperature, 

external cooling intensity and application of a protective atmosphere. Although W forms a variety of oxides 

on the scale between WO2 and WO3, in our samples only hexagonal WO3 was detected - by Raman 

spectroscopy as well as by XRD. By plasma spraying without any interruption, a coating formation up to 0.5 

mm thickness can be carried out without oxides. 

Using tungsten powders, spheroidized in a water-stabilized plasma jet, materials suitable for the preparation 

of metallic filters can be obtained. Their sintering into filters with satisfactory mechanical strength is possible 

at temperatures up to 1950 °C by HP methods. In the present time, we reached comparable results also by 

the sintering of spheroidized particles in an SPS apparatus. The ratio of sintering temperature and pressure 

has a significant influence on the pore distribution in the final products. This can be optimized by increasing 

the tungsten particles hardness through the formation of WC or even harder W2C core.  
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Abstract 

In-situ acoustic emission (AE) method has been applied to study of deformation processes of an AJ51 

magnesium alloy reinforced with short Saffil® fibres. The analysis of parameters of the AE signal revealed a 

significant difference in the deformation mechanisms between the matrix alloy and the composite. It is shown 

that the AE technique is suitable for detection of the onset of fibre cracking. 

Keywords: acoustic emission, magnesium composite, plastic deformation 

1. INTRODUCTION 

Magnesium based composites have been used in the engineering since the second half of the twentieth 

century. Magnesium is one of the lightest constructive materials used in industry and also has good strength-

to-weight ratio and low thermal expansion coefficient. Therefore, its alloys and composites are used mostly 

in aerospace, electronic packaging, recreational products, etc. Since the automotive industry enhanced the 

importance of decreasing fuel consumption due to environmental protection, it started to apply magnesium 

composites as car components [1]. Few disadvantages of magnesium, which makes barriers in its 

applicability, for example weak creep resistance and significant reduction of mechanical properties at higher 

temperatures (yield stress, tensile stress), could be reduced or eliminated using ceramic reinforcements [2]. 

On the other hand, composites exhibit low ductility and they are produced by more complicated and 

expensive techniques. 

Generally fibre reinforced materials have highly anisotropic mechanical properties, which depend on the 

orientation of the fibres. Deformation mechanisms ongoing during plastic deformation in the composite 

material due to the presence of short fibres are more complex compared to the alloys. The observed 

strengthening effects of reinforcement phase are the following [2]:  

 load transfer from the matrix to fibres, 

 enhanced dislocation density due to geometrical and thermal mismatch between matrix and fibres, 

 contribution of the fibres to the Orowan strengthening, 

 residual thermal stresses arising during the fabrication process.  

Mechanical properties also depend on several other factors such as length and diameter of reinforced fibres, 

distribution of fibres in the matrix, volume fraction of fibres and the matrix composition.  

For the observation of correlation of the micro-mechanisms with macroscopic deformation the acoustic 

emission (AE) measurement is very powerful method. It is an in-situ method for observing AE response of 

the material to the applied stress and deformation. The AE is defined as elastic wave, arising from sudden 

energy release caused by local dynamic changes of the microstructure. The AE is capable to detect the 

acoustic signals originating in collective motion, annihilation or dislocation multiplication and twinning 

nucleation. The most important advantage of the AE is in getting information about microscopic processes 

from entire volume in real time. The main disadvantage of the AE method is the lack of a general 

mathematical model, which could describe quantitatively the spread of elastic wave in inhomogeneous 
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space. Consequently, additional experimental methods are required for proving the AE results, as e.g. 

(electron) microscopy. 

The goal of the present work is investigation of micro-mechanisms of plastic deformation during compression 

tests of an AJ51 magnesium alloy reinforced with short Saffil® fibres.      

2. EXPERIMENTAL 

The AJ51 magnesium alloy with a nominal composition of Mg + 5 wt.% Al + 0.6 wt. % Sr reinforced with 

short Saffil® fibres δ-Al2O3 of volume fraction of 20 % was investigated. Material was prepared by squeeze 

casting, the preform consisting Al2O3 short fibres and a binder system was preheated to a temperature 

higher than the melt point of the alloy and then inserted into a preheated die (290 to 360 °C). Under high 

pressure (70 ÷ 100MPa) the two stages were compacted to the metal matrix composite. The ceramic fibres 

with diameter between 3 and 5 μm and mean length of 120 μm were distributed homogenously in the matrix 

with parallel orientation to the loading direction. An unreinforced AJ51 alloy was also prepared by the same 

technique for comparative purposes. For uniaxial tests in compression, cylindrical specimens with length of 

12 mm and diameter of 6 mm were used. The tests were performed in a temperature range of 20 ÷ 300 °C 

and at an initial strain rate of 10-3 s-1. The specimens were tested in as-cast condition.  

Acoustic emission response of the material was detected by computer-controlled PCI-2 system 

manufactured by Physical Acoustic Corporation (PAC) only at room temperature. The facility incorporated a 

Micro2006 transducer (fabricated by DAKEL-ZD Rpety) with a flat response between 50 and 650 kHz and 

a PAC 2/4/6 preamplifier giving a gain of 40 dB. The threshold level was set at 26 dB, directly above the 

peak values of the background noise. Specimens were prepared for the light microscope observation by 

polishing and after that were etched for 15 ÷ 25 s in a solution of 20 % acetic acid, 1 % nitric acid, 60 % 

ethylene-glycol and 19 % water.  

3. RESULTS AND DISCUSSION  

The initial state of the magnesium alloy and composite observed by light microscope is shown in Figs. 1a 

and b. The average size of grains was determined by linear intercept method. 

          
a)        b) 

Fig. 1 Initial state of a) magnesium alloy b) magnesium composite (cross-section of the samples) 

In case of magnesium alloy the average grain size was determined as 110 μm, while in composite the grain 

size was 44 μm. As it can be seen in Fig. 1b the fibres are parallel to the normal of the micrograph, but not 

perfectly.  
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The results of the compression tests are shown on Fig. 2. It is obvious that the reinforcing phase has 

significant influence on the mechanical properties. At room temperature the yield stress increased 

approximately four times and the tensile stress two times owing to the fibre content. On the other hand the 

AJ51 alloy has notably larger ductility at room temperature than the composite.    

     
a)        b) 

Fig. 2 Deformation curves at different temperatures for a) magnesium alloy b) AJ51 composite 

AJ51 alloy and composite show small changes of mechanical properties up to 100 °C. Above 200 °C, 

significant degradation of mechanical properties in both cases was revealed. This behavior could be 

explained by activation of non-basal slip systems [3]. In case of composite the onset of softening at high 

temperature occurs at very small deformation.  

The possible strengthening mechanisms, which were shown in the Introduction, were discussed in detail in 

paper of Trojanová et al. [3]. The calculated values of the following mechanisms are shown in Table 1, 

where the load transfer from the matrix to the fibres is denoted as LT
; the stress increment D

 

originated in the increased dislocation density due to both internal thermal stresses and geometrical 

mismatch between matrix and composite; Orowan strengthening is OR
; stress increment caused by grain 

size refinement is GS
 and average residual stress in matrix is maxm .  

Table 1 Contributions of various strengthening mechanisms to the yield stress of the composite at room 

temperature 

σ02 alloy 

[MPa] 

ΔσLT 

[MPa] 

ΔσD 

[MPa] 

ΔσOR 

[MPa] 

ΔσGS 

[MPa] 

<σm>max 

[MPa] 

σtot 

[MPa] 

σexp 

[MPa] 

83 129 59 3 16 24 314 341 

The AE measurements show notable differences between the AJ51 alloy (Fig. 3a) and the composite (Fig. 

3b). In case of the alloy there is a single peak in the strain dependence of the AE count rate, whereas for the 

composite two regions with larger count rate were observed. The first peak in both types could come from 

the same types of sources: nucleation of  1012 1011  twins and the collective dislocation motion, 

respectively.  
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a)         b) 

Fig. 3 Count rate during deformation with amplitude of each counts in case of a) AJ51 alloy b) composite 

The disappearance of AE signals after the first peak has two reasons. The first is that above a certain strain 

level (in our case above approx. 2 % strain) instead of twin nucleation rapid twin growth takes place, in order 

to accommodate the plastic deformation. Twin growth contrary to the twin nucleation does not emit 

detectable AE signals. Mean velocity of the twin growth is of the order of 10-3 m·s-1 [4, 5], which causes that 

the released energy is not large enough to make the AE signals with measurable amplitude. The second 

reason of disappearing signals is the increasing number of obstacles for dislocation motion. The new twin 

boundaries are impenetrable for basal dislocations [6], which decrease the main free path of dislocation. This 

hinders the collective motion of dislocations and consequently the parameters of AE signal decrease. As it is 

obvious from Fig. 3, the amplitudes of the AE signals are also different: the amplitudes are higher for the 

unreinforced alloy. This fact could be also explained by the density of obstacles and different mean free path 

length. In composite the grain size is three times smaller and grain boundaries with phase boundaries 

between fibres and matrix make impenetrable obstacles for dislocations [7-8]. 

The peak frequency of the AE signals was calculated by means of Fast Fourier Transformation (FFT). The 

results are presented in Figs. 4a and b. There are two main frequency domains: 130 to 180 kHz, and 370 to 

450 kHz. Based on paper of Li and Enoki [9] we referred higher frequencies to twin nucleation and the lower 

frequencies to collective dislocation motion respectively.  

   
a)         b) 

Fig. 4 True stress and Peak frequency dependence on strain for a) alloy b) composite at room temperature 
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It is obvious from Fig. 4 that the twin nucleation is less frequent in the composite than that in the alloy. Most 

probably, the reason for that is smaller grain size and large internal stresses in the composite, which hinder 

the twin nucleation [7, 8]. 

 

Fig. 5 The characteristic AE frequencies of several deformation mechanisms 

In Fig. 4b, the appearance of a new very tight frequency range from 100 to 110 kHz can be observed, which 

can be connected to the onset of fibres cracking [11,12]. Above approximately 6 % strain the fibres cannot 

carry more loads and start to break.  

Characteristic frequencies of different deformation mechanisms are summarized in Fig. 5.  

The micrographs of the deformed specimens are presented in Fig. 6. The high number of twins in the alloy, 

observable in Fig. 6a is in agreement with the findings of the AE frequency analysis (cf. Fig. 4a). On the 

other hand, there are only few twins in the composite (Fig. 6b) in agreement with low number of signals in 

“twin frequency” range.  

     
a)         b) 

Fig. 6 Optical micrographs of the unreinforced (matrix) alloy (a) and composite (b) specimens deformed to 

fracture 

4. CONCLUSIONS 

The deformation mechanisms of the AJ51 magnesium alloy and the composite of this alloy with Safil® fibres 

were investigated during monotonous compression tests. The main results of the work are the following: 

 The fibre reinforcement has a favourable impact on mechanical properties: both the yield and the 

maximum stresses increase at room temperature.  

 Frequency analysis of the AE signal allows distinguishing among particular deformation mechanisms - 

characteristic frequencies of collective dislocation, twinning and fibre cracking were identified.  

 The twin nucleation in composite is limited owing to the smaller grain size and large internal stresses. 
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Abstract 

The stored and activation energy of an industrial Copper alloy (SICLANIC S) (Cu-2.5Ni-0.6Si) (wt.%) 

deformed by Equal-Channel Angular Pressing (ECAP) via route A up to 12 passes at 150 °C was studied by 

Differential Scanning Calorimetry (DSC). The DSC results showed only a single characteristic peak that was 

attributed to recrystallization. The relatively low SFE of the alloy makes recovery difficult and may explain the 

absence of the recovery peak so that almost all stored energy of deformation is associated with the 

accumulation of dislocations. The stored energy increased upon straining up to 4 passes and then saturates 

at a constant value close to ~ 0.91 J/g. The activation energy of recrystallization after 12 passes ranged 

between 123 and 127 kJ/mol (1.28 and 1.32 eV, respectively). The estimated dislocation density from the 

stored energy is in agreement with that determined from X-Ray Diffraction Line Profile analysis. 

Keywords: SPD, ECAP, DSC, CuNiSi alloy 

1. INTRODUCTION 

Severe Plastic Deformation (SPD) methods are extensively investigated for the purpose of achieving 

enhanced grain refinement compared to that obtained by classic plastic deformation techniques. Equal-

Channel Angular Pressing (ECAP) is a recently developed method for homogeneous deformation processing 

of materials in bulk form and its principle was described earlier [1, 2]. This promising and attractive technique 

is increasingly studied because recent improvements make it easy to adapt to large-scale industrial 

processes. Some microstructural phenomena at solid-state as kinetics of grain growth, post-SPD processing, 

recovery, and recrystallization can be recorded by monitoring accurate thermal analysis using Differential 

Scanning Calorimetry (DSC) [3]. It has been long established that the addition of alloying elements lowers 

significantly the stacking fault energy of most metals [4, 5]. Probably SFE in the present alloy (Cu-2.5Ni-0.6Si, 

wt.%) is close to that (SFE ~ 50 mJ.m-2) found by Alili et al. [6]. Suwas et al. [7] investigated experimentally 

the thermal stability of two pure metals (Cu and Ag for which SFE is equal to 78 and 22 mJ.m-2 [8], 

respectively) deformed by ECAP following route A with channel angle of 90°. In the case of pure Copper, the 

recorded DSC thermogram for the first pass showed two distinct peaks attributed to a significant recovery 

taking place before recrystallization begins. A shoulder before the onset of the recrystallization left-hand side 

peak was observed for the two-pass deformed Cu sample. Alternatively, for the case of pure Silver (Ag), no 

recovery took place prior to recrystallization. Usually, under continuous heating regime (static mode) of 

ECAP-deformed materials, the calorimetric feedback signal evolution contains typically two exothermic 

peaks corresponding to the solid-state thermal events which are as follows: a first exothermic peak which is 

attributed to vacancies and is small and not always clearly identified, and a second peak which is more 

broadened and associated with the annihilation mechanism of dislocation-type lattice defects as with a 

recovery process by dislocation rearrangement yielding to a decrease in dislocation density and a reduction 

of the driving force available for recrystallization. The difference between the transformation peak and the 
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baseline reference is used to evaluate the stored energy [9]. It appears that no such study was previously 

undertaken on Cu-Ni-Si alloys. The scope of this paper is to evaluate the stored and activation energies of 

an industrial Copper alloy (SICLANIC S) (Cu-2.5Ni-0.6Si, in wt.%) deformed by ECAP via route A (without 

rotation around the specimen longitudinal axis between two successive passes) up to 12 passes at 150 °C 

using DSC. Results are discussed and compared to the published data. The X-Ray Diffraction (XRD) 

technique using the PM2K software [10], a program implementing the method of Whole Powder Pattern 

Modelling (WPPM), was utilized to estimate the dislocation density of the annealed samples. The procedure 

was described in more detail in earlier reports [11, 12]. 

2. EXPERIMENTAL PROCEDURES AND METHODOLOGICAL BASES 

The material used in this work is an industrial Copper-based alloy with the commercial nomenclature of 

SICLANIC S (Cu-2.5Ni-0.6Si, wt.%). As indicated by the manufacturer (CLAL-FRANCE), after casting the 

alloy was subjected to hot rolling (800 °C) and quenching by spraying water so that the alloy was in a 

supersaturated solid-solution state. Cylindrical samples of 9.8 mm diameter were cut from the initial plates (~ 

160 x 102 x 11 mm3), the billets were then passed through an ECAP-die with a channel angle of 135° and a 

corner region with an outer arc of curvature of 20°. In this configuration, one pass corresponds to an 

imposed equivalent strain of ~ 0.46. Several passes (N =1, 2, 3, 4, 8 and 12) were achieved following route 

A at a cross head speed of 7 mm/s and using Crown 9105 as a lubricant. The SICLANIC S is a hard-to-

deform material, so the die was heated to a temperature of 150 °C in order to facilitate the material flow; 

such a temperature is obviously far below the recrystallization temperature. The amount of stored energy 

was estimated using a DSC Q10 V7.3 calorimeter with temperature scan over the entire range from ambient 

temperature to 400 °C at a constant heating rate of 10 °C per min, in an argon environment to minimize 

oxidation of the alloy. In order to fit the cylindrical form of the metallic crucibles, samples were cut from the 

central portions of rods to ensure elimination of the friction-affected zones and were shaped with small size 

of approximately 9 mm in diameter and 0.3 mm in height so that the final weights were in the range from 120 

to 170 mg. The total elastic stored energy per unit volume in the strain field of dislocation structure can be 

related to their average total density  by the following equation [13]: 

2 1
= [J] ln( )dis cE AV Gb

b



          (1) 

where )ff(A edgescrew






1

1

4

1
 [14, 15], and it stands for the q factor depending on the edge or screw 

dislocation character determined experimentally from X-Ray Diffraction Line Profile Analysis (XRDLPA) [16]. 

This parameter is required for computing a more realistic value of the stored energy,
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q
fedge  [14] are the individual fractions of the screw and edge dislocations, Vc 

is the crystal volume,   is the Poisson’s ratio, G is the shear modulus, b is the magnitude of the Burgers 

vector. By dividing equation (1) by the sample mass, we obtain the following relationship of the weight-

normalized stored energy reported in [14]: 

2 1
= [J/g] ln  ( )stor

m

E AGb
b



 
          

(2) 

where m

 

is the mass density. The stored energy given in equation (2) is not a linear function of dislocation 

density, but it shows that the driving force of the recrystallization is greatly influenced by the dislocation 

structure. It is worth recalling that the dislocation character is dependent on the material internal variables 

and on the degree and mode of deformation. For example, in the case of Copper ( , G, b and m are taken 
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Fig. 1 Continuous DSC thermogram taken 

on ECAP-deformed Cu-2.5Ni-0.6Si 

samples recorded at 10 °C/min exhibits 

one exothermal peak. The integrated areas 

of the peaks divided by the samples mass 

gives the stored energies 

equal to 0.355, 48 GPa, 0.255 nm and 8.96x103 kg/m3, respectively), the theoretically calculated values of q 

are 1.608 and 2.37 for pure edge and screw dislocations [16], whereas an incorrect value (1.68) of q for the 

pure edge case is reported in references [17, 14]. As pointed out [18], for simplicity one can assume that half 

of the dislocations are screw and half are edge so that q is taken equal to 1.99. To estimate the activation 

energy, DSC analyses were performed at five different heating rates (5, 10, 20, 30 and 50°C min-1) but only 

to samples deformed through 12 passes. The activation energy for recrystallization was calculated using the 

dependence of the peak temperature on the heating rate given by the Kissinger method [19] (see equation 3) 

and the Chen and Spaepen method (known also as the modified Kissinger method) [20] (see equation 4): 

1
12

= - 

 
ln  ( )

pp
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A

RTT


           (3) 

2
2= - 

 
ln  ( )

p p

GV
A

T RT


           (4) 

where V is the heating rate, Tp is the peak corresponding to the temperature of the maximum transformation 

rate, A1 and A2 are constants, G is the activation energy, and R is the gas constant. The deformation 

microstructure parameters (dislocation density, grain size and faulting probability) have been determined by 

XRDLPA [21]. A full description of the analysis method is reported in this paper. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Fig. 1 shows the prominent peak obtained from continuous 

DSC thermograms recorded at 10°/min of ECAP-deformed 

Cu-2.5Ni-0.6Si (wt.%) samples (from 1 to 12 passes at 150 

°C via route A). All the thermograms exhibit one exothermal 

peak within a temperature range from 150 to 270 °C. The 

integrated areas of the peaks give the stored energies. This 

considerably broadened mono-peak is often associated with 

the release of the stored strain energy due to dislocations 

during recrystallization in the microstructure of non-

equilibrium grain boundaries [7, 22]. Very similar results 

have been found for an ECAP-deformed pure Copper [22]. 

Suwas et al. [7] attributed the first peak of the DSC output 

signal relative to the case of one-pass ECAP-deformed pure 

Copper to a recovery process while the second peak was 

associated with recrystallization. The authors compared this 

thermogram to the one obtained for pure Silver and 

exhibiting a single peak attributed to recrystallization. This 

difference may indicate the impact of stacking fault energy 

on the nature of the DSC thermograms. In Fig. 2, the stored 

energy evaluated from DSC thermograms are plotted 

versus the equivalent strain. The released heat starts from 

0.72 J/g for the first pass and rises gradually with the 

increase of deformation up to 4 ECAP passes where it 

saturates at a constant value of approximately 0.91 J/g. As pointed out by Wang and Ma [23], such evolution 

may be associated with the increase of the stored energy introduced by ECAP deformation which increased 

the driving force for nucleation of new strain-free grains, so that copious nucleation is realized at lower 

temperatures where growth is limited. The activation energy of recrystallization in Cu-2.5Ni-0.6Si (wt.%) after 
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Fig. 2 Stored energy versus equivalent 

strain evaluated by DSC for ECAP-

deformed Cu-2.5Ni-0.6Si at 150°C 

12 ECAP passes was calculated using equations (3) and (4) 

and the quantities  ln














2
pT

V
and 















pT

V
ln  are plotted versus 

pT

1000
 in Fig. 3. The activation energy is found to be equal to 

~123 kJ/mol (1.28 eV) using equation (3) (Kissinger method) 

and ~127 kJ/mol (1.32 eV) by equation (4) (modified 

Kissinger method). A deep analysis of the published data [3, 

7, 14, 22, 25-28] for all routes (mainly route A and BC were 

the most studied) showed that the stored energy in Cu-2.5Ni-

0.6Si (wt.%) up to 12 ECAP passes are in good agreement 

with those found for pure or OFHC (Oxygen-Free High 

Conductivity) Cu. However, our values are slightly higher 

than those reported by [7] for OFHC copper but are fairly 

close to those reported by [22] for pure Copper after 

processing by route A. Our results are a little in contradiction 

with the results of Suwas et al. [7] who found that the stored 

energy amounted to 0.494 and 0.771 J/g after 4 passes of 

ECAP processing of a commercial purity Cu using route A and Bc respectively. These authors concluded 

that route BC was more efficient for grain refinement, and thus in imparting dislocations. Khereddine et al. 

[21] have evaluated by XRDLPA analysis the dislocation density for the present alloy (Cu-2.5Ni-0.6Si, wt.%). 

Fig. 4 presents the evolution of dislocation densities in Cu-2.5Ni-0.6Si (wt.%) from this work. These values 

fall within the values reported by [28] for Cu processed through route A, Bc and C. We can notice also that 

the dislocation densities found by [21] are almost higher than those given by [28] using an XRDLPA 

technique. A rapid calculation (for the alloy under consideration, the shear modulus is equal to 48.5 GPa, the 

Poisson ratio value is 0.34 and the mass density 8.9x103 kg/m3) of the dislocation density from equation (2) 

gives a value around 2.95x1015 m-2 which is of the same order as dislocation densities derived from XRDLPA 

[21]. 
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4. CONCLUSION 

The main results can be summarized as follows: After careful inspection of the DSC signature plot of the 

ECAP-deformed SICLANIC S (Cu-2.5Ni-0.6Si wt.%) at the indicated heating rate, the presence of only a 

single characteristic peak (without shoulder) attributed to recrystallization was revealed. It is anticipated that 

the absence of a recovery peak is probably due to the fact that the alloy has a low SFE making recovery 

difficult. The large exothermic peak in the heat evolution is an excellent indicator of the introduction of a 

substantial dislocation density by severe plastic deformation. This may also lead to the assumption that in 

this specific material, only dislocations remain after warm ECAP so that no peak is observed due to 

vacancies. Stored energy was found to continuously increase with strain up to the fourth pass, and thereafter 

it reaches a constant value of approximately 0.91 J/g. The associated dislocation density is 2.95 x 1015 m-2. 

Based on Kissinger and modified Kissinger analysis, the activation energy for recrystallization was found to 

be between 123 and 127 kJ/mol (1.28 and 1.32 eV, respectively) for the 12-pass deformed alloy. The 

alloying elements Ni and Si up to 2.6 and 0.5 (wt.%) appeared not to alter the thermochemical response 

(stored and activation energies) of the Cu matrix. 
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Abstract 

The phases change of a set of low-cost Ti-Mn alloys with different compositions, produced by powder metal 

injection molding technique (MIM), is studied in the present work. The alloys were received in the as-sintered 

condition (1100 °C for 8 hours), then subjected to solution treatment followed by aging at different 

temperatures and times. In the as-sintered condition, α-phase is predominant and becomes finer and less by 

increasing the Mn-content in the alloy. After solution treatment, the β-phase or the α'-phase is predominant in 

the high or low Mn-content alloys, respectively. Very fine α-phase precipitated predominately by aging at 500 

°C and 560 °C, while isothermal ω-phase precipitated predominately by aging at 400 °C for short times. The 

isothermal ω-phase retransformed to α-phase after aging for longer times. The overall hardness of the alloys 

is related to amount, type, and morphology of the present phases, and the solid solution hardening by Mn in 

the Ti-matrix. The phase's separation appearing window of the present alloys is wider than the alloys 

produced by arc melting. 

Keywords: titanium alloys, metal injection molding, phase stability, heat treatment 

1. INTRODUCTION 

Titanium and its alloys are considered very attractive metallic materials due to their high strength, excellent 

corrosion resistance, good biocompatibility, and excellent plasticity and ductility. Hence, titanium alloys have 

been widely used in military and civil fields [1-4]. Over the last few decades, beta-type titanium alloys have 

become increasingly the attractive candidates for aerospace, automobile, orthopaedic implant and down-

hole service applications. Very important advantage of β-type alloys is that they can be processed at lower 

temperatures than α+β alloys. Also, β-type alloys are heat treatable and exhibit hot and cold process-ability 

[5-9]. Beta alloys are typically used in the solution treated condition (ST). β-type alloys are strengthened by 

aging below the β-transformation temperature to precipitate finely dispersed α-particles, what is known as 

STA (Solution treatment and aging). The STA alloys are characterized by an increase in hardness and 

strength with a concomitant decrease in ductility[10]. 

However, most of β-type Ti-alloys consists of the high cost rare earth elements such as Ta, W, Nb, and V, to 

work as β-stabilizing elements. Therefore, considering Mn as a low-cost β-stabilizing element is a good 

candidate for developing new low-cost β-type Ti-alloys. Manganese is considered a good candidate for bio-

applications due to its high biocompatibility. It is known that Ti-8Mn alloys have been used in aerospace and 

the Ti-Mn2 Laves phase has been used for hydrogen storage [11-13]. 

In addition, the difficulty in extracting, melting and machining of titanium and its alloys leads to high cost of 

production which limits its range of applications [3, 4]. Because of the high melting point, the high reactivity at 

high temperature, and the contamination susceptibility of Ti-alloys, there are many precautions and 

difficulties to be produced from the liquid state. The production of Ti-alloys via a powder metallurgy (PM) 

route is attractive due to its ability to produce near-net-shapes of components [14, 15],and therefore largely 

increase the utilization ratio of materials and reduce machining cost. Homogeneous and fine microstructure 

can be obtained by this technique as well. PM forming technology turns out to be a significant method for 

reducing costs of titanium alloys. Metal or powder injection molding (MIM), which is derived from plastic  

mailto:eng_mohammed2006@yahoo.com


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1462 

injection molding, is a great technique because their products are expected to have more homogeneous 

microstructure. Since hydraulic pressure is applied during injection molding, the mold is filled up uniformly, 

which avoids the density gradient in conventional press/sintering process. The Ti-Mn alloys were generally 

fabricated by traditional casting or powder metallurgy techniques [16-18]. 

In this study, β-type Ti-Mn alloys produced by metal injection molding technique with wide compositional 

range from α+β-type to β-type are investigated. The effect of Mn-content and heat treatments on the phases 

stability and constitution and the microhardness were studied in a systematic way. 

2.  EXPERIMENTAL PROCEDURE 

Four compositions of Ti-Mn binary alloys (shown at Table 1) made of pure metal powders were produced 

using the metal injection molding technique by Hamamatsu Industrial Res. Inst. Japan. The as-received 

pars, with dimensions 9×80×3.5 mm, are sintered at 1100 °C for 8 hours. The as-received alloys in the as-

sintered condition are called hereafter SND alloys. The chemical analyses of alloys were investigated using 

X-Ray fluorescence (Regako, Japan). 

The specimens were subjected to solution treatment under vacuum of 1000 °C for 1 hr followed by 

quenching in ice water. The solution treated samples are called ST hereafter. After solution treatment, the 

samples were subjected to aging process at temperatures 400, 500, and 560 °C for 0.5 and 3 hours in a 

preheated tube furnace under vacuum. The aged samples are called AG hereafter. 

Samples for microstructural study were mechanically polished to a final level of 0.1 μm using alumina 

powder and then etched in a solution of water, nitric acid, and hydrofluoric acid (80:15:5 in volume). The 

microstructure of the etched alloys was examined using Scanning Electron Microscope (JEOL, JSM-6010LA, 

Japan). The structures and phases of as-sintered (SND), solution-treated (ST) specimens, and Aged 

samples (AG) were characterized by Ni-filtered Cu Kα X-ray diffraction using a diffractometer (XRD-6100, 

Shimadzu, Japan) operating at 30 kV and 30 mA. The phases were identified by matching each 

characteristic peak with reference to ICCD database.  

The micro-pores percent in alloys were characterized using UTHSCSA Image analyser on image of 

(Keyence VK-X100 series) laser microscope, with the aid of technique described be Randall [19]  to 

calculate average equivalent spherical diameter of pores. HV0.5 microhardness of the alloys was measured 

by (HMV, Shimadzu, Japan) microhardness tester at 4.9 N. 

3. RESULTS AND DISCUSSION 

3.1. Alloys in the as Sintered Conditions (SND) 

The characteristics of the four binary Ti-Mn alloys used in the present study are shown in Table 1. The Mn-

content of the alloys, as examined by XRF, vary between 4.7 and 15.3 wt.%. 

Table 15 Characteristics of the four studied alloys 

Alloys 
Mn content 

(wt.%) 
Pore 
(%) 

Dv
* 

(m) 

SND hardness 
(HV 0.5) 

ST hardness 
(HV 0.5) 

Alloy (I) 4.75 7.7 16.3 298 362 

Alloy (II) 10.3 8.7 14.7 320 363 

Alloy (III) 13.1 8.04 19.2 315 354 

Alloy (IV) 15.3 8.82 18.3 312 345 

*DV is the average equivalent spherical diameter of pores  
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3.1.1.  Phases identifications of SND alloys 

Fig. 1 shows the XRD patterns of the alloys in the as-sintered condition. In this figure, both peaks of α-phase 

and β-phase are observed. 

However, the relative β-phase peaks intensity, if compared to that of α-phase peaks, is increasing with the 

increasing the Mn-content in the alloys [i.e., β-phase is increasing in the order alloy (IV) alloy (III) alloy (II) 

alloy (I)], which is interpreted by the increase in the volume-fraction of β-phase in the alloys by the increase 

of its Mn-content. This is normal because Mn is considered as a strong β- stabilizer [11]. This is confirmed 

from the microstructure of the SND samples shown in Fig. 2. 

 

 

 

 

 

 

 

 

Fig. 16 XRD Patterns of alloys (I)-(IV) at: SND conditions (left), and ST conditions (right) 

 

 

 

 

 

 

 

Fig. 2 SEM microstructure images of (a) alloy I, (b) alloy II, (c) alloy III, and (d) alloy IV in the SND conditions 

In this figure, the alloys in the SND condition show a mixture of a coarse acicular α-phase in beta-matrix 

except alloy (IV), where α-phase looks much finer than the other alloys. The amount of the coarse α-phase in 

the alloys tends to decrease with the increase of Mn-content [i.e. α-phase decrease in order alloy (IV), alloy 

(III), alloy (II), alloy (I)] in good agreement with the XRD results shown in Fig. 1. Shown also in Fig. 2 the 

pores which are normally present in any materials produces by powder metallurgy technique. Further pore 

characterization is presented later. 

3.1.2. Hardness of SND alloys 

The microhardness of alloys is affected by many factors such as grain size, crystal structure or type of 

existing phase, the solid solution strengthening, and precipitation hardening. Therefore, a statistical margin 

of error with confidence interval equal to 95 % is used here after to insure the reliability of the results. 
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Zhang et al. [7] found that hardness of Ti-Mn binary alloys in the as sintered condition is increasing with 

increasing of Mn-content due to its solid solution hardening effect [7]. However, there is no significant 

change in hardness values of the alloys in the SND condition in the present work, as shown in Table 1. This 

may be related to interfere between Mn-content, amount, and shape of phases present in each alloy. 

However, alloy (I) shows lower hardness than others because the coarse α-phase is predominate in this 

alloy. 

3.2  The solution of treated alloys  

The SND samples were solution treated in the β-phase zone at 1000 °C for 1 hour to insure good 

homogenization of the beta phase before quenching in ice water. The microstructure investigation (not 

shown here) indicated that all solution treated alloys show a fully recrystallized equiaxed beta grains with 

average grain size of around 70 m. For example, Fig. 3 shows a 3D image of alloy (III) in the ST condition 

with its equiaxed β-grains. Shown in this image, the 

volume of pores in this alloy is 8.04 %, as 

presented in Table 1. It is found that all alloys have 

approximately the same pore percent with good 

distribution and most of the pores are in round 

shape besides few elongated pores, which is a 

good indications for the high quality of the 

production process. The average equivalent 

spherical diameter of the pores is approximately 17 

± 2 m.  

Quenching from the β-phase zone could retain β-

phase at room temperature and became 

predominate phase in the high Mn-content alloys, 

as shown in  Fig. 1 (b). Shown in this figure are the XRD patterns of the alloys in the ST condition. Alloys 

(IV) and (III) show single β-phase, however, small amount of α'- phase is observed beside the β-phase in 

alloy (II). Furthermore, the peaks of α'- phase seems stronger in alloy (I) which means that considerable 

amount of α'- phase is present in this alloy. Adding this results to the results of SND condition, it can be 

pronounced that alloys (I), with its low Mn-content, is considered from the α+β-type alloys. However, alloys 

(II), (III), and (IV), with higher Mn-content, are considered from the near β and β-type alloys. The 

microhardness of the alloys in the ST condition is relatively higher than that of SND alloys as shown in Table 

1. Which is probably related to the formation of the athermal ω-phase in the alloys by quenching however it’s 

not detectable by XRD in accordance to what is reported in [4]. In addition, the hardness of the ST alloys 

tends to decrease with increasing the Mn-content in them due to less amount of athermal ω-phase is 

expected to form. This means that the solid solution hardening effect by the presence of Mn in the alloy is 

less effective than the phase's constitution in increasing the whole hardness of the alloy. 

3.3 The alloys in the aged condition  

The isothermal aging of the alloys after solution treatment is a typical treatment to study the phase 

transformation and the phase separation window in the alloys. The studies on the phase's transformation of 

Ti-Mn alloy system are rather few. Therefore, the effect of isothermal aging temperatures and times on the 

phase's separation of the Ti-Mn alloys produced my MIM technology is investigated below. 

3.3.1 Phases separation by aging 

The ST samples were subjected to isothermal ageing at 400, 500, and 560 °C for 0.5 and 3 hours. Shown in 

Fig. 4 are the XRD patterns of two selected alloys with different level of Mn-content (namely; alloys (I) and 

Fig. 3 3D laser confocal microscope image of alloy (III) 

in the ST condition showing the morphology of pores 
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(III)) after different aging treatments. In general, the microstructure and phases constitution of both alloys 

were greatly changed by aging for both short and long times (i.e., 0.5 and 3 hours, respectively). 

The isothermal ω-phase was extensively separated by aging at 400 °C for 0.5 hr of both alloys, as shown in 

Fig. 4. Interestingly is that, at this aging temperature, the volume fraction in both alloys of isothermal ω-

phase was much decreased when the aging time was extended to 3 hrs. Which means that the isothermal 

ω-phase was re-transformed to β and/or α-phase after enough long aging times, in accordance to what 

reported in [4]. However, alloys with higher Mn-content, such as alloy (III), tends to diminish the ω-phase 

faster than alloys with lower Mn-content, such as alloy (I), when aged at 400 °C for longer times.  

Further investigation is needed for aging at 400 °C for longer time to identify the isothermal ω-phase 

appearing window. Ikeda et al., reported that, by aging at 400 °C, there is no precipitation of ω-phase in the 

high Mn-content alloys (11.3 wt.% Mn and above) [4]. Also, the ω-phase appeared only in alloys with lower 

Mn-content, such as alloy (I), when aged at 500 °C for short time. The ω-phase couldn't be detected by XRD 

in the high Mn-content alloys when aged at such higher temperatures (i.e. 500 °C and above). Therefore, the 

isothermal ω-phase appearing window in the present alloys is aging the low Mn-content alloys at low 

temperature for times up to 3 hours and even more. In addition, this window becomes narrower by 

increasing the Mn-content in the present alloys. These results don’t match well with the results of Ikeda 

et.al., who reported that the w-phases diminish much faster than the present alloys for the same level of 

compositions [4]. This difference may due to the presence of considerable amount of oxygen (around 1 at.%) 

in the studied alloys of powder metallurgy root (MIM technology), if compared to that alloys produces by arc-

melting as in Ikeda et.al. work [4]. The presence of oxygen in the present alloys plays an important role in the 

phase’s transformation and the ω-phase appearing window [20]. 

 

 

 

 

The α-phase separation was enhanced by aging at higher temperatures such as 500 and 560 °C as shown 

in Fig. 4 and Fig. 5. However, the α-phase separation by aging at this temperature range was less in the 

high Mn-content alloys due its high β stabilizing effect. At these aging temperatures, acicular and fine α-

phase is formed in the alloys and become bit courser by increasing the aging times and temperatures, as 

shown in Fig. 5. 

Fig. 4 XRD 

patterns for alloy 

(I) left, and alloy 

(III) right in the 

aged conditions 

(AG). Indicated 

below each curve 

is the aging 

temperature / time 

(°C/h) 
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Fig. 5 Alloy (I) top, and alloy (III) bottom aged for 0.5 and 3 hours at: (a) 500, and (b) 560 °C 

3.3.2 Hardness change by aging 

As explained above, the isothermal ω-phase was extensively separated by aging at the lower temperatures 

for shorter times in the lower Mn-content alloys. Therefore, the hardness of alloy (I) was greatly raised after 

aging at 400 °C to reach a value of 550 HV0.5, as shown in Fig. 6 (a). However, the volume fraction of ω-

phase in both alloys is less for longer aging time at all aging temperatures, and the α-phase volume fraction 

is increasing in an opposite way. Although, the ω-phase is a harder phase than α-phase, the hardness of all 

alloys is increasing with increasing the aging time in both aging temperatures. Hence, it can be concluded 

that the precipitation hardening effect of the separated ω-phase and/or α-phase has higher effect on the 

overall hardness than the type of phases present in the alloy. There is no significant difference in hardness 

between both alloys when aged at 500 and 560 °C for 0.5 hr. However, the alloys showed higher hardness 

at 500 °C than at 560 °C when aged for longer times for example: the hardness of alloy (II) is around to 375 

HV0.5 when aged at 500 and 560 °C for 0.5 hr, however, the hardness increased to be 440, 420 HV0.5, 

respectively, as shown in Fig. 6 (b). This is related to the presence of courser α-phase in the higher aging 

temperatures, as shown in Fig. 5. The amount of phases separated by aging is decreasing by increasing the 

Mn-content in the alloy. Therefore, excluding the α-type alloy [i.e., alloy (I)], there is no significant effect of 

Mn-content on the overall hardness of both alloys under study. This can be related to a compensation 

between the solid solution hardening (related to Mn-content), and the precipitation hardening (related to α-

phase and/or ω-phase separation) in the aging condition range under study. Therefore, further study on the 

hardening mechanism of the present alloys is needed. 

 

 

 

 

 

 

 

 

Fig. 6 Microhardness values of all conditions 
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4. CONCLUSIONS 

The effect of Mn-content on the phase's constitution of Ti-Mn binary alloys produced by MIM technique is 

studied in this work. By increasing the Mn-content in the alloy, the α-phase becomes less and finer in the as 

sintered condition. The isothermal ω-phase separation is encouraged by aging the low Mn-content alloy at 

lower temperature for short time, whereas, the ω-phase retransforms to α-phase by increasing the aging 

time. A significant precipitation hardening is observed in both alloys by aging at 500 and 560 °C, due to the 

precipitation of fine α-phase, with no significant effect of Mn-content on the overall hardness of the alloys. 
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Abstract 

The pressure vessel itself consists of several characteristic components, the working stress of which in its 

complex determines unequivocally the state of stress of the reactor on the whole, although this stress 

achieves from the viewpoint of local judgment and assessment of individual parts of the pressure vessel 

mutually different levels. Development of new technology for manufacture of bottoms of pressure vessel for 

nuclear power engineering is oriented on future demands of market with respect to ecology and energetic. It 

is necessary to propose new technology for production of forged bottom with flange for power engineering, 

namely by forging from one ingot without use of welding of the bottom to the flange. The objective is to verify 

for this forging technology an optimum shape of tools, which will make it possible to forge the bottom with a 

minimum loss of metal at forging and final processing. High degree of forging and also the required quality of 

products, characterised by high values of mechanical properties, will be achieved by minimum extra metal 

allowances for forging. After implementation of the new technology for forging of bottoms with flange the 

manufacturer will be able to offer on the world market a peak technology and sophisticated completely new 

products - monolithic forged bottom with flange for high quality pressure vessels for nuclear power plants.  

Keywords: open die forging, bottom pressure vessels 

1. INTRODUCTION 

Primary power engineering sector uses at present fossil fuels for generation of power - coal, oil, natural gas, 

as well as uranium and recoverable sources, such as water biomass, solar energy, etc. These sources are 

consumed for generation of electric power and heat, but also by transport, industry, households and 

services. World production of electrical power is ensured in power plants using coal (39 %), gas (18 %), 

nuclear fuel (17 %), water (17 %), burning of liquid fuels (8 %) and in other types of power plants (1 %). Due 

to limited sources of fossil fuel their burning is arguable and it is accompanied by creation of noxious 

emissions. Nuclear power plant does not generate undesirable emissions. That’s why it is possible to 

consider this method of generation of electric power as ecological. 

At present all over the world altogether 435 nuclear power units (NPU) in 31 countries, see Fig. 1. It is, 

however, necessary to deduct from this number the units that are serving out and which will be put out of 

operation due to their unsatisfactory condition, but on the other hand service life of some units may be 

extended after technical revision. Another 31 units are being built in 13 countries, and long-term plans 

calculate with erection of another 250 ÷ 300 reactors in 21 countries (China and India will built 24 units each, 

Russia intends to increase capacity of its nuclear power plants from the existing 20.8 GWe to 49.3 GWe by 

the year 2020). 

mailto:miroslav.greger@vsb.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1469 

 

Fig. 1 Present state and assumed construction of nuclear power plants [1] 

2. PRESSURE VESSELS FOR NUCLEAR POWER PLANTS 

Pressure vessels for nuclear power plants (reactor, steam generator, pressurizer) are assembled from 

individual forged components. Fig. 2 shows construction of the pressure vessel for reactor [2]. 

 

Fig. 2 Pressure vessel of nuclear reactor assembled from individual forged parts 

From the viewpoint of function the pressure vessel for nuclear reactor presents an enclosed space, in which 

nuclear power is being transformed to heat, and its transfer into coolant at high temperatures and pressures 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1470 

with simultaneous impact of radiation and corrosive effects. Nuclear reactor is characterised by high thermal 

output and in its active zone also by higher parameters of neutron flux. Indispensability of high technical level 

of reactor design concept is here quite obvious. Progressiveness of structural design depends wholly on 

possibilities of new metallurgical-technological processes, differing from the existing production methods.  

3. MANUFACTURE OF PRESSURE VESSELS BOTTOMS BY OPPRESSING FROM ROUND PLATES  

It is possible to manufacture bottoms of pressure vessels for nuclear power plants from the pressed pieces 

or from forged pieces. Pressure vessel cover and bottom are connected to other parts of the reactor by 

welding to the forged rings. Inner surface of the bottoms forms a shape of ellipsoid of rotation, their outer 

surface is an equi-distant area at the distance, corresponding to the wall thickness. These bottoms are 

pressed from round plates. Thickness of the plate for the cover cap varies around 350 mm, the plate 

diameter is approx. 4 450 mm [3]. Mass of the plate is up to 41 000 kg. Thickness of the plate for the bottom 

is 250 mm, its diameter is 5 650 mm and mass is 48 000 kg [4]. Individual world manufacturers of large 

round plates use different production methods. The plates are manufactured most often by electro-slag 

welding of rolled heavy plates. Fig. 3 shows photo of welded and machined round plate made of two heavy 

plates. 

 

Fig. 3 Machined round plate 

Forging ingot serves as input semi-product. First slab is forged from it and it is afterwards rolled to a heavy 

plate. Disadvantage of this approach consists in unfavourable concentration of internal heterogeneities from 

the ingot’s central part and deteriorated mechanical properties (mainly plastic ones) ensuing from this in 

central areas of the plate. Another disadvantage consists in the fact that round plate is cut out from the rolled 

rectangular plate. Angle parts, containing high quality material are thus wasted. Experience shows that 

manufacture of round plates by electro-slag welding of the plates is advantageous for the thicknesses of 

max. 120 to 150 mm. At the place of welding and at transition zone into the basic material plastic properties 

of steel are deteriorated, and at pressing of round plate cracks are formed at these places on external 

surface of the pressed piece. It is necessary to perform regularly during exploitation of the pressure vessels 

very demanding inspection of the weld joints of their bottoms. 

Apart from this technology the pressed bottoms for pressure vessels for nuclear power plants are 

manufactured also from mono-blocks, i.e. from solid forged round plates. Special procedure is used for 

removal of central heterogeneity of round plates, which were carried forward from the ingot onto the plate. 

Manufactured of bottom by this technology consists of the following operations: 

 forging of manipulation spigot from the ingot crop end;  

 re-forging of the ingot body into round blank;  
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 cutting off of ingot metallurgical croppings; 

 upsetting of the blank;  

 re-forging of the upset blank to a prism with longitudinal axis perpendicular to the ingot original axis;  

 cutting off of the manipulation spigot and metallurgical croppings from the ingot crop end; 

 re-forging of the prism to a round block; 

 upsetting of the block; 

 gradual flattening - enlarging of the round plate diameter to the final dimensions.  

Diameter of the forged round plate for the bottom is 5800 mm, thickness of the forged plate is 360 mm, its 

mass is 81 000 kg. Forged round plates are further machined on both faces to the required thickness of 

approx. 350 mm. Round plates are for die forging reheated to the temperature of 1100 °C. Final forging must 

take place at the temperatures of 950 to 850 °C and the pressed piece is removed from the die at the 

surface temperature of at least 800 °C.  

4. FORGING OF BOTTOMS WITH FLANGE  

Advantage of the procedure of forging of bottoms with flange consists in reduction of number of welds on the 

pressure vessel. Fig. 4 shows drawing of the bottom with flange. Fig. 5 show photo of the machined bottom 

with flange. Parameters of the machined bottom: diameter 4015 mm, bottom height 1705 mm, mass 38 000 

kg, material according to ASME SA508, CL.3EQ. 

 

Fig. 4 Forging piece of the bottom with flange  

 

Fig. 5 Photo of the forged bottom with flange 
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4.1 Experimental verification of technology for forging of bottoms   

The basic pre-requisite for construction of nuclear power plants is availability of heavy forgings and high level 

of heavy engineering. The forging shops supply pressed pieces both for primary and secondary circuit of 

nuclear power plants, particularly forgings fro reactor vessel, steam generators, pressurizers, turbine rotors 

and generators. 

Manufacture of forged pieces for nuclear power plants of the generation 3+ requires that forging shops are 

equipped with presses using the force of 140 to 150 MN, which are able to process ingots with the mass of 

500 to 600 tons [5]. Construction of reactors of the 2nd generation required 2000 tons of pressed pieces, 

while reactors of the generation 3+ require twice this quantity. The biggest components (forged pieces for 

nuclear engineering) are manufactured by technology of hammer forging. By assembling individual parts we 

obtain the required construction, such as reactor pressure vessel. 

The design of the existing nuclear power plant (NPP) of the 3rd generation, type EPR supplied by the French 

manufacturer from the AREVA group, requires steel ingots with mass between 500 to 600 tons. These ingots 

are used for forging of the most complex parts of the reactor pressure vessel: top cover (head seal), central 

ring and ring with branch extrusion (Fig. 2). Production of individual parts of the nuclear power plant 

consumes more than 4000 tons of steel pressed pieces, such as containment, parts of the reactor vessel, 

steam generator and pressurizer, turbine and generator rotors,. Nuclear power plant EPR uses altogether 4 

generators, each weighing up to 500 tons. Mass of the generator rotor exceeds 200 tons. Nuclear power 

plant has 3 to 4 turbine rotors. Top cover for the pressure vessel is one of the most complex pressed pieces 

for the reactor pressure vessel. 

Prior to its implementation into common practice the technology for forging of the top cover was first 

simulated mathematically (MKP) and then verified experimentally in laboratory with use of models on a scale 

of 1:20 [6]. Photo of the model form is shown in Fig. 6 and that of the model forged piece in Fig. 7.  

 
 

Fig. 6 Forging blank for the reactor top cover 

Contribution of the new technology consists in manufacture of the cover from one piece of ingot without any 

welding of the cover and flange. This new manufacturing technology brings significant ecological-economic 

effects on production and at the same time it increases safety of the reactor pressure vessel.  
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Fig. 7 Forging piece of the reactor top cover 

5. CONCLUSIONS 

Bottoms with flange can be manufactured in a shape of mono-block, or as welded bottoms consisting of the 

pressed round plate and pressed round ring. Pressed round plate and pressed round ring are connected by 

welding. Advantage of the first manufacturing procedure consists in lower number of welds on the pressure 

vessel and thus in lower operational costs connected with inspection of quality of the reactor bottom. Another 

advantage is higher quality and better assertion on the world markets. Predominant part of manufacturers of 

pressure vessel for nuclear power plants requires this type of products. Advantages of the second procedure 

consist in lower requirements to the mass of forging ingots. This method is simpler from the viewpoint of 

handling of the semi-product during production  
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Abstract 

AA2124/SiC/25p is a high quality composite material, recently developed, for structural applications in the 

aircraft industry. It consists of aluminium metal matrix, reinforced with silicon carbide particles in a proportion 

of 25 %. On the one hand this kind of material structure provides a lot of good mechanical properties: high 

specific stiffness, fatigue strength, and durability. On the other hand, considering the high complexity of 

shape and the precision conditions imposed on parts made from this material, it is necessary to analyze the 

available processing techniques. Therefore, the aims of this paper are to study experimentally the 

processing possibilities of AA2124/SiC/25p composite material by wire electro discharge machining. At first, 

the paper presents a systemic approach of wire electro discharge processing, and highlights the objective 

functions of technological interest and the concerned influence factors. Each of these sets of variables is 

divided into subsets using specific criteria. 

The systemic analysis is the basis of a detailed experimental research, having the final aim, the process 

optimization by wire EDM of AA2124/SiC/25p. We highlight the influence of wire material used for cutting a 

semi-product having different thickness from Al2124/SiC/25p composite material, on various indicators of 

technological interest: processing productivity, dimensional precision and cutting shape accuracy. In the 

same time, were pursued the undesirable possible effects of processing, through the analysis of hardness in 

the processed areas. 

Keywords: metal matrix composite material, silicon carbide reinforcement, wire EDM, material removal rate 

1. INTRODUCTION 

Nowadays, in transportation markets, particularly in aerospace and automotive industries, high performance 

is required but weight is critical. Thus, new composite materials have been developed, to replace classic 

materials and provide better mechanical and physical properties, suited for structural applications. Such a 

new composite material is AA2124/SiC/25p, consisting of an aluminium metal matrix, reinforced with ultrafine 

(2-3 micron) silicon carbide (SiC) particles in a proportion of 25 % [1]. The controlled phases of the 

manufacturing process - high energy mixing and hot isostatic compaction - ensure an even distribution of the 

particles and preserve the purity of the matrix alloy, enhancing mechanical properties of the material: specific 

stiffness, fatigue strength, hardness, and wear resistance. This combination of properties achieved, 

recommends AA2124/SiC/25p for a wide range of applications, like aero-engine components, aircraft 

structure, brakes, wheels, automotive pistons, cylinder liners, valve bodies, control systems. 

Obviously, these parts have complex shapes, various dimensions, including micro-sizes, tight tolerances and 

fine surface finish specifications. Thus, conventional machining reached, in many of these cases, their limits. 

On the other hand, it is well known that wire electro discharge machining is widely used for manufacturing 

such parts, made of conductive, difficult-to-machine materials, particularly used in automotive, aerospace 

and medical industries. So, the objective of this study was to analyze the processing possibilities of 

AA2124/SiC/25p composite material by wire EDM.  

mailto:dinuval@ymail.com
mailto:calimanumarius@yahoo.com
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Wire EDM is a dimensional thermo-electrical processing method, consisting of material removal based on 

erosive effects of electrical discharge pulses, repeatedly primed between workpiece and the wire electrode, 

separated by a thin film of dielectric liquid (distilled water oil) that is continuously fed to the working zone to 

flush away the evaporated particles [2]. Wire EDM is difficult to control because of the nature and complexity 

of the phenomena and processes that are developing among the wire - workpiece interaction. In addition, as 

the majority of the technological processing systems, wire EDM systems have the following characteristics:  

1) complexity, depending on many and very different influence factors; 

2) diffusivity, with significant interactions between the involved factors; 

3) weakly arrangement, having, at least, a partial stochastic behaviour. 

Thereby, for achieving the final goal of optimization or for the analytical and/or empirical identification of the 

wire electro discharge machining, as a first step, a systemic approach is very useful. 

2. SYSTEMIC APPROACH OF THE WIRE EDM PROCESS 

Considering EDM process as a technological action system (Fig. 1), this one can be structurally 

characterized by three main categories of variables [3, 4]: 

1) independent (input) variables, representing factors which are acting on the system; 

2) process variables, deciding the process development, which are leading to technological 

transformations; 

3) dependent (output) variables, also called objective or response functions, representing technological 

and technical-economic performance parameters. 

2.1  Input variables 

The input variables set, which act to initiate technological transformations, can be divided in two subsets 

(Fig. 1): 

 variables related to the technological system’s structure, quasi-inflexible within a specified theme; 

 operating variables, which can be adjusted, rapidly, depending on previous variables and on process 

requirements imposed. 

Whilst the structure’s variables include both quantitative and qualitative factors, operating variables are 

expressed only by physical quantities, which establish dependence mathematical relationships with the 

processing and output variables values. The most important influence factors are the electrical parameters, 

through which pulse energy can be controlled. But, the objective functions values are determined by the 

combination of influence factors, each having impacts with different magnitude. For example, material 

removal rate and surface finish particularly depend on applied peak current and wire materials [2]. 

Nevertheless, the role of the other input variables can’t be neglected. For instance, to keep the distance 

between the wire and the workpiece - called discharging gap - appropriate, the characteristics of the servo 

control is very important. Otherwise, wire breaking can occur. 

2.2  Objective functions 

The finality of the processing is evaluated considering both technological and technical-economic objective 

functions (Fig. 1).  
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Fig. 1 Characteristic variables of the wire EDM process 

The technological objectives characterize the effects induced in the workpiece by technological 

transformations (accuracy of the processed workpiece, surface quality, heat affected layer properties), as 

well as the technological process (material removal rate). Also, besides the desired transformations, some 

unwanted effects occur (wire and liquid wear). The technical-economic objectives are related to the 

production processes (investment, manufacturing and maintenance cost). 

Depending on the goal of the machining process - roughing or finishing - these objective functions have a 

different importance. However, it is possible to define some global performance indicators, which can asses 

the efficiency of the EDM process, taking into account both the effects - material removal rate Qc, surface 
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roughness Ra, confidence interval of the mean technological gap ε - and energy consumptions - mean 

current Im: 
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3. DESIGN OF EXPERIMENTS  

For establishing the influence of thickness of the material laminate and of the wire material on the material 

removal rate of the EDM Al2124/SiC/25p composite material, a bi-factorial ANOVA was considered to be an 

appropriate assessment method.  

The study was carried out on 3 values for the material thickness, meaning that x1  h factor, has I1 = 3 levels: 

 h = 15 mm; 

 h = 54 mm; 

 h = 63 mm. 

These samples were machined by wire EDM cutting, using the same straight pattern, each of 200 mm 

length, with 2 types of brass wire, uncoated and coated. So, the second factor selected, x2, was a qualitative 

one, the nature o wire material and had I2 = 4 levels. 

The objective function chosen was the material removal rate, y  Qc (mm3/min), as a representative 

evaluation of the process performance, especially for roughing applications. For every factor combination,  n 

= 4 replicas were performed, with no randomization. The material removal rate was determined by 

measuring the total processing time tc and weighting the samples before and after machining. 
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where: Δm - mass variation; ρ = 2.88 g/cm3 - material density; Vc - eroded volume. 

For performing the experiment, the input variables of the Wire EDM Centre SODICK AQ300L were selected. 

The variables values, corresponding to roughing operations, 

were maintained constant during all runs. The experimental 

results are centralized in Table 1. The roughness of the 

processed surface was measured, using an MITUTOYO SJ-

201P apparatus, the cut width deviations were evaluated with 

an HIROX digital microscope (see Fig. 2) and also, the 

Vickers micro hardness (HV0.1) along the cut was measured. 

It was measured at all samples the roughness Ra and its 

values were in the range of 1.93 ÷ 1.98 µm. We have been 

expected these results, because Wire EDM process is known 

for his sensitivity and precise cutting. Also, very small cut width 

deviations were obtained. The microhardness was between 131 ÷ 147 HV0.1   Fig. 2 The evaluation of cut 

width deviations 
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for all 3 values of material thickness (15, 54 and 63 mm). Because the microhardness of all samples was 

similar irrespective of thicknesses, we can say that is due to the distribution of silicon carbide particle, and 

not because of thermal influence of the process. Based on this we can say that Wire EDM process did not 

thermal affect the material irrespective of thickness. 

Table 1 Experimental results 

Run 
Thickness 

x1 

Wire 

material 

x2 

Material 

Removal Rate 

y Qc 

(mm3/min) 

Run 
Thickness 

x1 

Wire 

material 

x2 

Material 

Removal Rate 

y Qc 

(mm3/min) 

1 15 brass 17.01 13 15 coated 23.85 

2 15 brass 17.78 14 15 coated 24.54 

3 15 brass 16.35 15 15 coated 25.63 

4 15 brass 18.04 16 15 coated 22.21 

5 54 brass 17.29 17 54 coated 23.15 

6 54 brass 17.42 18 54 coated 24.42 

7 54 brass 16.83 19 54 coated 21.81 

8 54 brass 17.21 20 54 coated 24.92 

9 63 brass 17.24 21 63 coated 22.25 

10 63 brass 17.51 22 63 coated 20.74 

11 63 brass 17.02 23 63 coated 21.89 

12 63 brass 16.92 24 63 coated 21.32 

4. RESULTS AND INTERPRETATIONS 

The results of the bi-factorial analysis of variance for the objective function - Material Removal Rate 

(mm3/min) are presented in Table 2. The aim of the analysis is to determine which factors have a statistically 

significant effect on material removal rate (mm3/min), using Fisher tests. For this purpose, the ANOVA 

method decomposes the variability of material removal rate (mm3/min) into contributions due to various 

factors. All F-ratios are based on the residual mean square error. Since Type III sums of squares have been 

chosen, the contribution of each factor is measured having removed the effects of all other factors. The 

results of the test show that thickness of the material didn’t have statistically significant influence on the 

material removal rate at the 95 % confidence level, because the corresponding P-value is greater 0.05. 

Since P-value is less than 0.05, the second factor - wire material - had a statistically significant effect on 

material removal rate at the 95 % confidence level. In Table 3 the mean material removal rate for each level 

of the factors was computed. The last two columns show 95 % confidence intervals for each of the means. 

These means and intervals are plotted in Fig. 3, which highlights the ANOVA conclusions. 

Table 2 Analysis of variance for Material Removal Rate (mm3/min) 

Source Sum of squares Df Mean square F-ratio P-value 

Main effects      

A: thickness h (mm) 7.61773 2 3.80887 3.46 0.0514 

B: wire material 204.80900 1 204.80900 185.70 0.0000 

Residual 22.03750 20 1.10188   

Total (correceted) 234.46400 23    
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Table 3 Least squares means for Material Removal Rate (mm3/min) with 95 % confidence intervals 

Level Count Mean Stnd. error Lower limit Upper limit 

Grand mean 24 20.1396    

Thickness h (mm)      

15 8 20.6763 0.371126 19.9021 21.4504 

54 8 20.3813 0.371126 19.6071 21.1554 

63 8 19.3613 0.371126 18.5871 20.1354 

Wire material      

brass 12 17.2183 0.303023 16.5862 17.8504 

coated 12 23.0608 0.303023 22.4287 23.6929 
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Fig. 3 Means and 95 % LSD Intervals Plot  

5. CONCLUSIONS 

The performed experiments showed that the thickness of the laminate does not have a significant influence 

on the material removal rate of wire EDM of AA2124/SIC/25P, at the 95 % confidence level. Contrarily, the 

use of a coated wire led to a significant growth of the removal rate, at the same confidence level. Future 

optimization experiments should analyze the influence of the electrical parameters on the objective functions. 
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Abstract  

Mechanical properties and thermal stability of microstructure of ultrafine grained CP Ti prepared by ECAP 

were investigated. A series of specimens after 1 to 10 passes through ECAP die with the channel angle of 

120° at 350°C were prepared. The dependence of microstructure evolution with strain imposed by ECAP 

pressing and the stability of ultrafine grained microstructure during isochronal aging were examined using 

microhardness measurement and scanning electron microscopy. Moreover, in-situ electrical resistivity during 

linear heating was measured. The properties of the deformed material were compared to a well annealed 

condition. 

Keywords: ultrafine grained CP Ti, thermal stability, resistivity, microhardness 

1. INTRODUCTION  

Relation between grain size and mechanical properties is known for a long time and summarized by Hall-

Petch relation [1]. Ultra-fine grained materials are defined as materials with grain size in range of hundreds 

of nanometers and high-angle grain boundaries [2]. Current interest in ultra-fine grained materials is caused 

mainly by development of so-called severe plastic deformation techniques [3]. The most used technique is 

equal-channel angular pressing (ECAP). Material is pressed through die with equal channels that make an 

angle of usually 90°. The main limitation for utilizing this technique is sufficient force to press material and 

strong ECAP die that sustains the pressing force. Therefore until recently, the ECAP was limited to materials 

that with high plasticity and low strength at pressing temperatures [4]. However, this study investigates the 

properties of commercially pure titanium (CP Ti).  

Titanium is currently widely used as functional and structural material [5-7]. Thanks to low density, the 

specific strength of commercially pure titanium might be compared to steels, but in the direct comparison CP 

Ti remains inferior [8]. Alloying is the major possibility for enhancing strength of Ti. The other option 

employed in this study is grain refinement. Refinement of microstructure of CP Ti leads to increase in 

strength from 400 MPa to more than 1200 MPa [9].  

Major concern when utilizing UFG materials in applications is the stability of microstructure. The 

microstructure of UFG CP Ti is stable under room temperature, however the thermal stability of UFG 

microstructure must be fully understood for any products that shall be used or manufactured under elevated 

temperature.  

The aim of this study is investigation of thermal stability of UFG CP Ti produced by ECAP. Two experimental 

techniques are used for this purpose. The first is evolution of microhardness after isochronal annealing. And 

the second is unique measurement of electrical resistivity in-situ that is capable to detect changes in 

microstructure. 

2. MATERIAL AND EXPERIMENTAL 

Commercially pure Ti grade 4 in as-rolled condition was processed by equal channel angular pressing 

employing die with angle of 120° under temperature of 360 °C. The resulting samples were in the form of 
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rods with diameter of 14 mm and length of approximately 8 cm. Material after 1 and 6 ECAP passes using 

route BC was used for this investigation [10]. Results for material after ECAP were compared to coarse 

grained material pre-annealed at temperature just below beta transus.  

Approximately 5 mm thick samples were cut for investigation of microhardness evolution. Samples were 

annealed for 20 minutes consequently at temperatures of 50 °C, 100 °C in water and at temperatures from 

200 to 700 °C with step of 50 °C in salt bath. At least 0.3 mm was grinded from the sample after each 

annealing step.  

Samples for resistivity measurements were 0.8 mm thick with size of 12 x 8 mm. Sample was carefully 

polished and finally appropriately shaped for four-point resistivity measurements.  

Microhardness was measured using automatic micro-hardness tester Qness Q10a. Resistivity evolution was 

measured at self-made equipment. Sample is heated in argon atmosphere in a furnace with precise 

temperature regulation. Resistivity is measured by standard four-point method. Direct current is commutated 

to avoid the effect of contact potentials. The voltage is measured my nanovoltmeter Keithley 2182 and the 

current is simultaneously measured by SourceMeter 2400. Resistivity was measured during linear heating 

from room temperature to 700 °C with heating rate of 5 °C/min. FEI Quanta 200FEG scanning electron 

microscope was used for microstructure observations.  

3.  RESULTS AND DISCUSSION  

3.1  SEM observations 

  
Fig. 1 SEM image of CP Ti after 1 pass - a) and after 6 passes - b) of ECAP 

Figs. 1 a) and b) show the back-scattered electrons image of microstructure of material after 1 and 6 

passes, respectively. After 1 ECAP pass, the microstructure is only partly refined. Partly elongated grains are 

divided by low-angle grain boundaries only. After 6 ECAP passes, channeling contrast shows completely 

refined microstructure with grain size in hundreds of nanometers range and divided by high-angle grain 

boundaries. White spots are Fe enriched areas, probably beta-phase particles [11]. 

a) b) 
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Fig. 2 Microhardness after isochronal annealing. 1P and 6P describes material processed by ECAP using 1 

and 6 passes, respectively 

3.2 Microhardness 

Microhardness evolution after isochronal annealing is depicted in Fig. 2. ECAP increases microhardness of 

CP Ti by one third when compared to the annealed material at room temperature. However, no significant 

difference has been found between specimens after 1 a 6 ECAP passes. Microhardness of ECAP processed 

material remains constant up to annealing at 450 °C. Annealing at 500 and 550°C decreases microhardness 

significantly. Further decrease with increasing annealing temperature is milder and the microhardness 

approaches the values of as-annealed material.  

3.3 Resistivity 

Evolution of resistivity with temperature was measured in-situ from room temperature up to 700 °C. 

Experiment does not allow evaluating the material resistivity quantitatively and therefore relative resistivity is 

computed. Dependence of relative resistivity on temperature is depicted in Fig. 3. The resistivity increases 

linearly until approximately 400°C supporting basic Ohmic relationship. However, above 400 °C the resistivity 

deviates from the linear trend suggesting that some process caused slight decrease in resistivity compared 

to simple Ohmic behavior. This deviation is even stronger for materials after ECAP despite, no difference is 

observed below 400 °C. 
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Fig. 3 Evolution of relative resistivity with increasing temperature in-situ 

Thanks to high precision of measurements, first and second derivative of original data can be computed 

numerically. First derivative is depicted in Fig. 4. Difference between ECAP and annealed material can be 

traced from 350 °C. The decrease of resistivity of ECAP processed material is faster than that of annealed 

material and signs of two peaks are observable in Fig 4. 

 

Fig. 4 First derivative of evolution of relative resistivity with temperature 
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Fig. 5 shows second derivative of the resistivity evolution. Despite significant noise caused by numerical 

differentiation, two peaks in resistivity evolution of ECAP processed material are observable. The first peak 

can be attributed recovery of the material, whereas the second peak is associated with material 

recrystallization. 

 

Fig. 5 Second derivative of evolution of relative resistivity with temperature 

4. CONCLUSIONS 

Following conclusions can be drawn from this investigation: 

 Microhardness of UFG CP Ti is much higher than that of coarse grained counterpart. 

 Microhardness significantly decreases after annealing at 450 ÷ 500 °C. 

 In-situ resistivity measurement is capable to detect microstructural changes 

 First and second derivatives of dependence of resistivity on temperature were analyzed to detect two 

events that can be attributed to recovery of the material (450 ÷ 500°C) and grain coarsening (550 ÷ 

600 °C).  
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Abstract 

Magnesium alloys are potential biodegradable materials for biomedical load-bearing applications. 

Magnesium itself is regarded as biocompatible, biodegradable and osteo-conductive material with similar 

elastic modulus to that of human bone; however, its strength is unsatisfactory for orthopaedic applications. 

Therefore, addition of alloying elements is necessary. Biocompatibility of these alloying elements and of 

prepared alloys is evaluated using in vitro assays. To select the most suitable alloying elements, we tested in 

vitro toxicity of chloride salts of variety of elements on human cell line derived from osteo-sarcoma (U-2 OS). 

Cytotoxicity was determined using colorimetric WST-1 test. We have investigated the complexity of the 

system, which is affected by many factors, i.e. by concentration of FBS in medium, by putative precipitation 

of cations with phosphates in the growth medium or by lack of transporters for non-biogenic elements. We 

have tried to elucidate all these factors in order to simulate the effect of corrosion products by salts of 

alloying elements. 

Keywords: magnesium alloys, alloying elements, biocompatibility, in vitro testing 

1. INTRODUCTION 

Magnesium and its alloys are of growing interest in the field of biomedicine. They can be used as 

biodegradable materials for temporary biomedical applications such as coronary stents or orthopaedic 

fixations (i.e. screws, pins and plates) in case of serious bone fracture. The orthopaedic implant temporarily 

serves as fixation and also as a scaffold enabling the growth of the new bone. The gradual degradation 

eliminates the need of reoperation, which means saving costs and reducing risk of surgical complications. So 

far, polymeric or ceramic materials are used for these purposes, but they generally have insufficient 

mechanical properties. Therefore, metallic materials such as magnesium alloys are more suitable for 

temporary load-bearing applications (for review see [1-4]). 

Contrary to other metallic materials used in orthopaedics, magnesium has elastic modulus similar to that of 

human bone (magnesium: 45 GPa, bone tissue: 40 ÷ 57 GPa), which leads to reduced stress-shielding on 

implant-bone interface and enables new bone formation. Magnesium is essential to mammalian metabolism 

and is naturally found in bone tissue. The excess is easily excreted via urine [1]. Moreover, it was found that 

magnesium cations stimulate bone tissue formation and adhesion of osteo-blasts [5]. 

On the other hand, magnesium itself has insufficient mechanical strength and its degradation rate is greater 

than bone formation rate. In addition, fast corrosion in vivo leads to subcutaneous hydrogen bubbles 

formation [4]. Therefore, addition of alloying elements and/or other modifications of alloys are needed. 

At the beginning, magnesium alloys developed for use in transportation industry were tested for 

biocompatibility [6]. These alloys are termed according to ASTM as AZ31, AZ91, LAE442, WE43 and so 
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forth, which indicates percentage of alloying elements (A = aluminium, Z = zinc, L = lithium, W = yttrium, E = 

rare earth metals [7]). However, alloys containing aluminium are not suitable for biomedical application, 

because there is a correlation between aluminium exposure and Alzheimer’s disease [8]. Alloy WE43 is 

aluminium free, but rare earth elements (RE) are added in form of mixed alloy (so called „mischmetal”) and 

the concentration of elements are consequently very variable. Therefore, a more systematic approach is 

needed [9]. 

The new generation of alloys primarily intended as biomaterials adopted the idea of using RE and other 

elements, such as, Mn, Zn, Ca, Li, Sr and Zr, which influence the mechanical and physical properties of 

magnesium alloys [9]. Usually, binary or ternary alloys with content of alloying elements up to 10 % are 

prepared [10-14]. 

Alloying elements and prepared alloys must be subsequently tested for biocompatibility. There is a variety of 

aspects of biocompatibility such as cytotoxicity, genotoxicity or immunogenicity. Cytotoxicity is usually 

evaluated as the first. In vitro testing usually precedes in vivo testing because of the cost and controversy 

associated with animal testing. There are more approaches for evaluating cytotoxicity of alloys: extracts of 

alloys can be added to the cells, or solution of alloying elements can be tested in order to simulate extracts 

of alloys. The toxicological data regarding alloying elements can be found in literature; however, they are 

poorly comparable because different cell lines, testing methods and testing conditions were used. In 

addition, in case of rare earth elements, toxicology data are still sparse. There is also the question, whether 

the complex system represented by extract of alloying cultivation medium can be substituted by salt solution.  

Drynda et al. tested a broad range of RE [15]. Feyerabend et al. tested RE and some other alloying 

elements, but they didn’t include e.g. Zn and Mn [16]. The results indicates that in DMEM medium RE have 

cytotoxic effect only at high concentration (over 10 μg·ml-1) and after longer period of incubation (over 144 h, 

[15]). Zn and Mn are biogenic elements; however, they are neurotoxic at the higher concentrations [9]. 

The purpose of this study was to evaluate cytotoxic effect of selected alloying elements to human 

osteosarcoma cell line and to elucidate, whether salts solutions can substitute extracts of alloys during in 

vitro cytotoxicity testing. 

2. EXPERIMENTAL SETUP 

2.1  Cell line and cultivation 

U-2 OS cells (human cell line derived from osteo-sarcoma, ATCC® HTB-96™) were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10 % fetal bovine serum 

(FBS, Invitrogen) at 37 °C in a humidified atmosphere of 5 % CO2. This cell line was chosen for testing due 

to its resemblance to bone cells, which represent the cell type primarily interacting with the orthopaedic 

implant. Cells were passaged at subconfluency (70 ÷ 80 %). For cell culture experiments, cells after the 3th 

passage were used. 

2.2  Preparation of salt solutions 

Five tested elements in the form of bivalent or trivalent chlorides (Sigma-Aldrich) are listed in Table 1. 

Magnesium was used as a control. Stock solutions were prepared in distilled water and sterilized by filtration 

(0.22 μm pores). Two working solutions (80 and 200 μmol·l-1) for each salt in DMEM with 5 % FBS were 

prepared from stock solutions. Lower concentration of FBS was used, because according to European 

standard ISO 10993-5:2009, proteins in FBS can mask toxicity [17]. 
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Table 1 Salts used for in vitro cytotoxicity testing 

Alloying element Appropriate salt 

Mg Magnesium(II)-chloride hexahydrate 

Zn Zinc(II)-chloride 

Mn Manganese(II)-chloride tetrahydrate 

Y Yttrium(III)-chloride hexahydrate 

Gd Gadolinium(III)-chloride hexahydrate 

Nd Neodymium(III)-chloride hexahydrate 

2.3  Cytotoxicity assay 

Micro-culture tetrazolium assays (MTA) are one of the most commonly used methods for in vitro testing. 

They are based on metabolic reduction of tetrazolium salts resulting in coloured formazan products. 

Cytotoxicity is measured spectrophotometrically as the decrease in metabolic activity of the cells. New 

generation of tetrazolium salts, such as WST-1 (water soluble tetrazolium salt) are stable, sensitive and give 

soluble products [18]. 

Cells were seeded in 96-well plates in a density of 5∙104 ml-1. This density was calculated so that tested 

agent can be added to the cells at 70 % confluency, as is recommended by European standard ISO 10993-5 

[17]. Cells were incubated at 37 °C for 24 h to allow cell adhesion. Thereafter, medium was replaced by the 

solutions of salts in DMEM medium with 5 % FBS or in 10 mM HEPES buffer with 100 mM NaCl. After 24 h 

or 1 h, respectively, cells were washed with PBS and then incubated with WST-1 reagent (5 % WST-1 in 

DMEM) for 4 hours. The formazan product was photometrically quantified using an ELISA reader at the 

absorption wavelength 450 nm with a reference wavelength of 630 nm. DMEM with 5 % FBS was used as a 

negative control and 0.64 % phenol in DMEM with 5 % FBS as a positive control. Cytotoxic effect was 

depicted as a decrease in metabolic activity (decrease in the amount of the formed formazan) compared to 

negative control. For each concentration 6 replicates were performed. 

3. RESULTS AND DISCUSSION 

We evaluated cytotoxicity of five alloying elements, namely Zn, Mn, Y, Gd and Nd. According to European 

standard ISO 10993-5, 30 % decrease in viability is considered as cytotoxic effect [17]. When incubated in 

DMEM medium with 5 % FBS for 24 h, cytotoxic effect was observed only in case of Zn (concentration 200 

μmol·l-1) and Mn (both concentration 80 and 200 μmol·l-1). However, when incubated 1 h in HEPES buffer, 

cytotoxic effect was pronounced also in the case of rare earth elements in both concentration (Fig. 1). There 

are number of ways how to interpret such results. One of them is that the higher toxicity is caused by the lack 

of precipitation of cations of elements with phosphates from DMEM medium or by the absence of protective 

action of FBS. According to our results, within the three tested RE most toxic appears to be yttrium. There is 

only very small of influence of concentration on the toxicity within the tested range. It is possible that the 

intracellular concentration of the alloying element is not correlating to the concentration in the surrounding 

media. More experiments are conducted at the moment to address that question. 

4.  CONCLUSION 

Our result suggest that in some cases, it can be more useful to evaluate cytotoxicity using more strict 

conditions (buffer instead of cultivation medium) in order to see more pronounced cytotoxic effect. However, 

the system with cultivation is more similar to in vivo conditions and is recommended by European standard 

ISO 10993-5. 
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Fig. 1 Cytotoxicity effect of the salts depicted as a decrease in metabolic activity compared to control (DMEM 

medium with 5 % FBS). Cytotoxicity assays were performed either in DMEM medium with 5 % FBS for 24 h 

or in HEPES buffer for 1 h. Red line indicates the decrease in viability greater than 30 %. Error bars 

represent standard deviation 
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Abstract  

Exceptional high-temperature oxidation resistance makes iron aluminides promising candidates to replace 

Ni-Cr-based stainless steels. On the other hand these alloys suffer from insufficient high-temperature 

strength. Addition of Zr leads to formation of hard intermetallic phases that increase the high-temperature 

strength. Correlative microscopy has been used for investigation of the structure in both as cast and 

annealed state, the high-temperature mechanical strength has been measured in a temperature range from 

600 to 950°C. It has been shown that formation of Zr-containing (Fe,Al)12Zr τ1-phase and (Fe,Al)2Zr Laves 

phase leads to a significant gain in σ0.2 yield stress; however BTDT shifts to higher temperatures. 

Keywords: iron aluminides, intermetallics, structure, correlative microscopy, mechanical properties 

1. INTRODUCTION  

Iron aluminides belong to a wide group of ordered intermetallic alloys which constitute a new class of metallic 

materials that show unique properties tempting for structural applications at elevated temperatures in hostile 

environments. The high aluminium content of iron aluminides allows the formation of protective alumina layer 

that is responsible for their excellent oxidization, sulphidation and corrosion resistance. Their another 

attractive properties include good high temperature mechanical strength, high Young modulus, relatively low 

density and from this resulting better strength-to-weight ratio, high melting point, high electrical resistivity and 

relatively low raw material costs. Because of these advantages iron aluminides were perspective as a 

potential alloys for many applications in harsh, aggressive, and corrosive environments up to 800 °C as e.g. 

jet engine compressor blades, heating elements, chemical processing equipment etc. [1-5]. 

On the other hand, these alloys exhibit several drawbacks. The principal ones include a sharp drop in 

strength above 600 °C, poor high temperature creep resistance, considerable brittleness and limited ductility 

at ambient temperatures. In general, for binary alloys, room temperature brittleness and lack of high 

temperature strength become more problematical as aluminium concentration increases. Poor ductility of 

iron aluminides is attributed to the environmental embrittlement due to interaction of aluminium with water 

vapour present in the atmosphere. In addition, their use as engineering material is restricted by their poor 

fracture resistance and limited fabricability. Also processing requires strict control of the composition and the 

processing environment. Due to its inherently low thermal conductivity, the material is a subject to cracking 

from thermal stresses during cooling from the melt or after hot working [1-5]. 

In last few decades considerable effort has been devoted to the research and development of Fe-Al-based 

alloys. While basic research has been focused on understanding the deformation mechanisms and 

brittleness reasons, applied research has concentrated on improving their mechanical and metallurgical 

properties through control of composition and microstructure and materials processing optimization. Through 

the alloying, heat treatment and structure control, the ductility, hot strength and creep resistance could be 

enhanced. However, it was found that most alloying additions that increased strength were detrimental to 

room temperature ductility and weldability, sometimes also a corrosion resistance was affected [1-15]. 
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Recent studies have shown that zirconium is a suitable alloying element, because addition of even a small 

amount of Zr into Fe-Al based alloys leads to formation of hard ternary intermetallic Laves phases and/or τ 

phases according to Fe-Al-Zr diagram [16-20]. Stability and structure type variations of Laves phases were 

discussed in [21, 22]. The effect of Zr-alloying on the structure and mechanical properties were studied e.g. 

in [23-30]. 

Present work deals with a detailed study of a structure and phase composition of the Fe35Al5Zr alloy by the 

use of light optical microscopy, scanning electron microscopy, energy-dispersive microanalysis, electron 

backscatter diffraction and X-ray diffraction. Also high temperature mechanical strength was determined. 

2. EXPERIMENTAL 

2.1. Sample preparation  

The alloy with composition given in Table 1 was prepared by a vacuum melting and casting; Zr was added in 

metallic form. The cast’s dimensions were 150 x 40 x 20 mm. The heat treatment was realized in an electric 

furnace at 1000 °C for 200 hour followed by a slow cooling on air. The samples for metallographic 

examination were prepared by an usual way, their structure and phase composition were made visible by a 

mechanical/chemical polishing using colloidal silica suspension followed by an Ar-ion milling (Fishione SEM-

Mill 1060/1.5 kV/60 min). The samples with dimensions of 6 x 6 x 10 mm for high temperature mechanical 

testing were cut from bulk by an electro-discharge machining, their surface was carefully polished. 

Table 1 Chemical composition of the investigated alloy 

Alloy 35-5 Fe Al Zr 

Composition in at.% 59.2 35.6 5.2 

2.2. Structure investigation 

The structure was examined by the use of correlative microscopy. For the correlative microscopy a light 

optical microscope (LOM - Zeiss AXIO Imager M2m) and a scanning electron microscope (SEM - Zeiss 

ULTRA Plus) equipped with an energy-dispersive microanalysis system (EDS - Oxford XMax 20) were used. 

For a semiautomatic sample/ROI transfer between LOM and SEM served a special correlative microscopy 

holder in connection with “Shuttle and Find” SW module. The visibility of occurring phases on LOM was 

enhanced by C-DIC, in SEM the structure was observed in R-BSE chemical contrast mode. The phase 

composition was also studied by an X-ray diffraction (XRD - Seiphert) and electron backscatter diffraction 

(EBSD - Oxford Nordlys Nano). 

2.3. High temperature mechanical properties 

The high temperature compression tests were realized on INSTRON testing machine at temperatures of 600, 

700, 800, 880 and 950 °C. Compression tests were carried out with a strain rate of 1.5·104 s-1.  

3. RESULTS AND DISSCUSION 

3.1 Structure  

The structures of both, as cast and annealed alloy, are shown in correlative microscopy images (Fig. 1 and 

2). In the SEM and EDS-maps three occurring phases could be identified. In τ1 matrix there are “islands” of a 

soft Fe3Al phase and small particles of Laves phase. In as cast state, Laves phase occurs preferably as 

submicron particles in eutectic form. In Fig. 3A there is a high magnification picture of the as cast structure; 

three points where EDS spectra were acquired are marked. The point EDS spectra are in Fig. 3B. Measured 
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concentrations (Table 2) correspond to Fe3Al, τ1 phase and λ1 Laves phase given in [21]. Despite that in the 

present alloy having composition Fe-35Al-5Zr the Laves phase should be stable only in hexagonal C14 form 

[20-22], the EBSD analysis showed that in as cast state the Laves phase occurs in two forms - as a 

hexagonal MgZn2-type lamellar eutectic structure and as a cubic MgCu2-type structure (see Fig. 4 - coarser 

bright particles in FSE, appertaining EBSD pattern and solution fitted to cubic Laves phase).  

 

Fig. 1 The correlative microscopy image of as cast 35-5 alloy shows the structure seen by LOM, SEM and 

EDS mapping of Zr, Al and Fe distribution. In EDS map three occurring phases could be easily identified: 

Fe3Al - blue; τ1 - green; Laves phase - orange 

The heat treatment had only an insignificant effect on the structure (Fig. 2), just fine eutectic coagulated to 

coarser particles. By the EBSD the same phases as in as cast state were identified. 

The C15 has not been identified previously, because for the crystallographic characterization only XRD was 

used and peaks coming from the cubic C15 were hidden behind peaks appertaining to the hexagonal C14 

Laves phase. By the use of a combination of EDS and EBSD individual phases can be indisputable 

identified. 

 

Fig. 2 Correlative microscopy image (EDS map showing the distribution of Zr, Al and Fe; R-BSE/SEM and 

C-DIC/LOM) of the annealed structure. EDS map: blue - Fe3Al; green - τ1 phase; red - λ1 Laves phase 
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Fig. 3 A) High resolution SEM image of the as cast 35-5 alloy. Three regions where EDS spectra were 

acquired are marked; B) Corresponding EDS spectra obtained from occurring phases 

In Fig. 5 there are SEM images of the structure after deformations at 600 and 950 °C taken in Mott-contrast 

that depends also on the lattice orientation. After the deformation at 600 °C, the τ1 matrix is cracked what 

indicates insufficient plasticity. The structure deformed at 950 °C exhibits grain refinement and by the 

deformation induced precipitation of a higher amount of Laves phase. Shadowing within individual grains 

indicates a lattice deformation caused by a residual stress. 

Table 2 Point EDS analysis, quantitative results (at.%) 

Atomic % Al Fe Zr 

Spectrum 1 - Fe3Al 31.70 68.30 - 

Spectrum 2 - τ1 38.27 52.19 9.59 

Spectrum 3 - LP 33.22 43.54 23.24 

 

 

  

Fig. 4 A) FSD image in Z-contrast mode, point where EBSD data were acquired is marked; B) Obtained 

EBSD pattern; C) EBSD solution for cubic C15 Laves phase. 

A B 

A 

B C 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1495 

  

Fig. 5 As cast structure after the deformation in Mott-BSE contrast; A) deformed at 600°C. Cracks caused by 

the deformation indicate that the τ1 matrix is brittle at the testing temperature; B) deformed at 950°C. 

3.2 High temperature properties  

The alloy shows remarkable high values of high temperature yield stress. The values of σ0.2 and σmax in 

dependence on the testing temperature are given in Fig. 6. A steep drop with increasing temperature is 

obvious. For the annealed samples the values are about 1/3 lower. Minimal differences between σmax and 

σ0.2 indicate very low plasticity. The toughness grows significantly with increasing test temperatures, the 

values of maximum strain are in Fig. 7. Samples after the deformation tests are in Fig. 8, the brittle fracture 

till 800 °C is obvious. 

.  

Fig. 6 A graph showing the dependence of σ0.2 and σmax on the temperature 

 

Fig. 7 The graph shows the dependence of the toughness on the deformation temperature 

A B 
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Fig. 8 Samples after the high-temperature compression tests. Their appearance indicates that brittle-to-

ductile-transition occurred between 800 and 880 °C 

4. CONCLUSIONS 

Present results could be summarized as following: 

 In the Fe-35Al-5Zr alloy there was confirmed occurrence of four phases. The matrix is (Fe,Al)12Zr τ1 

phase with ThMn12-type tetragonal lattice. Second phase, in R-BSE visible as dark islands, is Fe3Al 

with cubic B2/DO3 structure. The third phase, (Fe,Al)2Zr Laves phase, was found in two forms; as a 

C14 hexagonal λ1 phase and as C15 cubic λ2 phase.  

 Addition of Zr into Fe3Al alloy led to formation of hard ternary Zr-containing intermetallic phases that 

significantly increase high temperature strength. On the other hand, these phases are responsible for 

a lack of plasticity lingering to temperatures over 800 °C.  

 The correlative microscopy could be advantageously used as an effective tool for the study of 

structure and phase composition of Fe-Al-Zr-type alloys.  

 The EBSD showed to be very important for the phase identification, because it enabled to distinguish 

C14 and C15 Laves phase. 
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INFLUENCE OF PRODUCTION AND HEAT TREATMENT ON MICROHARDNESS AND PHASE 

TRANSFORMATIONS IN Mg-Y-(Nd)-Zn ALLOYS 
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Charles University in Prague, Prague, Czech Republic, EU, tomas.kekule@mff.cuni.cz   

Abstract  

Phase transformations and microhardness changes during isochronal annealing were investigated in 

Mg2Y1Nd1Zn and Mg2Y1Zn alloys prepared by powder metallurgy and extruded at 280 °C. These alloys 

were annealed in 20 °C / 20 min steps from room temperature up to 440 °C. Electrical resistivity 

measurements at 77 K, measurement of microhardness, optical microscopy and transmission and scanning 

electron microscopy were used. Results were compared to squeeze cast Mg2Y1Nd1Zn and Mg2Y1Zn 

alloys. Resistivity annealing curves of alloys prepared by powder metallurgy exhibit similarities to those of 

squeeze cast alloys already one time isochronally heat treated. Microhardness was determined in two 

different orientations: perpendicular and parallel to extrusion direction. Microhardness of both alloys in both 

orientations exhibits an outstanding thermal stability up to 360 °C and exceeds that of squeeze cast alloys 

about approximately 50 %. No pronounced grain growth was observed even after high temperature 

annealing at 440 °C where microhardness decreases to almost 75 % of its initial value. 

Keywords: Mg-Y-Zn alloys, powder metallurgy, microhardness, microstructure, electrical resistivity 

1. INTRODUCTION 

High specific strength of Mg alloys attracts the research attention over last three decades. Many solute 

elements were investigated to improve mechanical properties of Mg alloys by development of desired 

microstructures and individual alloys already find application especially in the transport industry. A 

completely different application sphere appears recently in an idea to use Mg alloys as materials for bearing 

biodegradable implants. Researchers study now non-traditional combinations of solute elements and 

investigate unusual microstructures developed in the materials, because economical and now also 

toxicological demands tend to suppress solute concentrations to a minimum with simultaneous sustaining of 

the properties potential. 

Yttrium is considered to be one of the effective elements to increase mechanical properties of magnesium at 

high temperatures. Moreover it was shown that Zn additions to Mg-Y alloys influence microstructure 

considerably: Quasicrystalline I-phase (Mg3Zn6Y1 composition, icosahedral phase) develops in alloys with a 

high Zn content (e.g. [1, 2, 3] whereas several long period stacking ordered structures (LPSO) characterize 

alloys with a relatively low Zn concentration (several wt.%) (e.g. [4, 5, 6]). They are not unique for the Mg-Y-

Zn alloys, their existence was proven also in Mg-Zn alloys with rare earth as Mg-Dy-Zn, Mg-Ho-Zn, Mg-Er-Zn 

alloys [7]. The 18R-LPSO phase (Mg10Y1Zn1-type ordered base centered monoclinic lattice) forms in these 

alloys as a secondary phase during solidification [8]. There is no LPSO phase in as-cast ingots of Mg-Gd-Zn 

and Mg-Tb-Zn alloys and the 14H-LPSO phase (Mg12Y1Zn1-type ordered hexagonal structure) precipitates 

from α -Mg supersaturated solid solution at high annealing temperatures (e.g. [9, 10]). Combination of yttrium 

and zinc solutes decreases essentially the stacking fault energy of Mg [11], [12]. Calculations using first-

principles show that the LPSO may nucleate directly through stacking faults and the lower stacking fault 

energy favors formation of the LPSO [13]. The block-like LPSO phase, the lamellar LPSO phase and 

stacking faults (both formed on (0001) α-Mg habit plane) were observed simultaneously in Mg-Y-Zn alloys. 

mailto:tomas.kekule@mff.cuni.cz
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Unfortunately, elongation to fracture can decrease due to cracks in the LPSO phases as these phases are 

less ductile [6].  

Grain refinement is a very powerful tool for improving the strength of Mg [14], as Mg has high value of the 

strengthening factor in the Hall-Petch equation [15, 16, 17] and can also increase the poor ductility [18]. 

Adequately small grains can be achieved by powder metallurgy and following extrusion of Mg alloy powders 

[19]. This has to be performed at elevated temperature due to a lack of primary slip systems in Mg at room 

temperature and a necessity of their activation (225 °C for Mg). This operation can lead to undesirable phase 

changes and to an eventual loss of properties. 

The aim of this work was therefore to compare microstructures and properties of MgYZn and MgYNdZn 

alloys prepared by squeeze casting and prepared by powder metallurgy with following extrusion at elevated 

temperature. The influence of the production type on phase changes during ageing was also studied. 

2. EXPERIMENTAL PROCEDURE 

Both alloys Mg2Y1Zn and Mg2Y1Nd1Zn were prepared in two ways - squeeze casting under a protective 

gas atmosphere of Ar + 1 % SF6 and by powder metallurgy followed by hot extrusion at 280 °C (PM). 

Nominal composition of all alloys is listed in Table 1. The isochronal annealing response of relative electrical 

resistivity changes was determined in the range 20 ÷ 440 °C. Isochronal annealing was carried out in steps 

of 20 °C / 20 min followed by quenching. This treatment was performed in a stirred oil bath up to 240 °C and 

the specimen was quenched into liquid nitrogen after each annealing step. Specimens wrapped in a steel foil 

were heat-treated in a furnace at higher temperatures and each heating was followed by water quenching. 

The H-shaped specimens machined to dimensions of 1 x 9 x 70 mm3 were used for resistivity measurements 

at 77 K after each heating step. The value of the length represents the gauge length for the resistivity 

measurements. Relative electrical resistivity changes /0 were obtained within an accuracy of 10-4. The 

resistivity was measured by means of the dc four-point method with a dummy specimen in series. The 

influence of parasitic thermoelectromotive force was suppressed by current reversal.  

The stability of mechanical properties was determined by Vickers microhardness HV0.5 at room temperature 

in Wilson Wolpert 401 MVD microhardness tester. Microhardness of alloys prepared by powder metallurgy 

was measured in two orientations - perpendicular and parallel to direction of extrusion. Ten indentations 

were evaluated and the average together with its standard deviation was determined. The same isochronal 

heating procedure as in the resistivity study was used for obtaining microhardness annealing curves.  

The microstructure investigation was realized using transmission electron microscopy (TEM) and electron 

diffraction (JEOL JEM 2000FX electron microscope). The scanning electron microscope MIRA I TESCAN 

was used in structure studies. An analysis of phases precipitated out was also supported by energy 

dispersive X-ray microanalysis (EDX) by BRUKER micro-analyzer.  

Table 1 Nominal composition of investigated alloys. 

Alloy Production Y [wt.%] Nd [wt.%] Zn [wt.%] Mg 

WZ21 squeeze casting 2 - 1 balance 

WEZ211 squeeze casting 2 1 1 balance 

WZ21PM PM 2 - 1 balance 

WEZ211PM PM 2 1 1 balance 
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3. RESULTS AND DISCUSSION  

3.1 As-prepared alloys  

Almost equiaxed grains of the WZ21 and WEZ211 cast alloys with average grain size of about 50 and 70 μm 

respectively are decorated by layers of a secondary phase [22]. Layers nature is different in both alloys: It 

consists of ribbons of the 18R LPSO phase and of very thin plates between in the WZ21 cast alloy. 

Diffraction patterns of the 18R LPSO phase were indexed consistently with [5]. Eutectic phase of Mg3Nd type 

(fcc, a ~ 0.74 nm) constitutes grain boundary layers in the WEZ211 cast alloy and no LPSO phase was 

detected there. Stacking faults in a remarkable high density characterize grain interiors of both alloys in the 

as-cast state. Similar dislocation splitting was already observed in more concentrated Mg-Y-(Nd)-Zn-Mn 

alloys [20] and very recent ab initio calculations show that the simultaneous addition of Y and Zn decreases 

the stacking fault energy of Mg drastically [21]. 

Grain size in both PM alloys is of 1 μm order and oxide boundary layers coming from original powder 

surfaces are more pronounced in the WEZ211 alloy - Figs. 1, 2. Grain boundaries are decorated more 

frequently in the WEZ alloy by particles of secondary phase(s) rich in Zn and Y (WZ21 alloy) or Zn, Y and Nd 

(WEZ211 alloy). Secondary phase(s) particles were observed in grain interiors of the WEZ alloy, too. Multiple 

grain size is observed in extrusion direction of both PM alloys - e.g. Fig. 3. Pronounced substructure 

(subgrain size ~ 100 nm) appears in many grains of both alloys, a part of grains is recovered - Figs. 1, 2. 

Neither stacking faults nor the LPSO phase were detected in as-extruded PM alloys. It is most probably due 

to the fact that oxide layers at origin powders surfaces contain a considerable amount of Y and so the yttrium 

concentration in the matrix is insufficient for lowering the stacking fault energy of Mg. Microhardness HV0.5 

does not differ essentially if measured parallel or perpendicular to extrusion direction and attains values 

74 ± 1 and 78 ± 1 in PM WZ21 and WEZ211 respectively. The small grain size, the fine substructure and the 

different grain boundary phases are most probably the reason of the pronounced strengthening (~ 50 %) in 

both PM alloys (Fig. 4) compared to cast alloys. 

3.2 Heat-treated alloys 

Electrical resistivity due to isochronal annealing up to 440 °C increases in both cast alloys showing a matrix 

enrichment with solutes interrupted only by a slight precipitation process between 280 ÷ 340 °C [22] - Fig. 5. 

Resistivity of the PM alloys decreases in several stages due to matrix purification during isochronal 

annealing up to 300 °C in the WEZ211 and up to 320 °C in the WZ21 alloy. An enhancement of solutes 

   
Fig. 1 TEM image of extruded PM 

WZ21 alloy - cross section  

Fig. 2 TEM image of extruded PM 

WEZ211 alloy- cross section 

Fig. 3 SEM image of extruded 

WEZ211 alloy - longitudinal view 
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concentration in the matrix manifests itself by resistivity increase at higher annealing temperatures, which is 

accomplished at 380 °C in the WZ21 alloy and continues up to 440 °C in the WEZ211 alloy.  

Resistivity of both PM alloys exceeds its initial value after annealing at 440 °C. The PM alloys resistivity 

annealing curves are in fact similar to those of cast alloys already one time isochronally annealed up to 

440 °C if measured in repeated isochronal procedure because powders for the PM alloys are actually also 

heat-treated during extrusion.  

Microhardness response to isochronal annealing of once more heat-treated cast alloys is only very moderate 

as well as this of the PM alloys - Fig. 4 testifying insignificant precipitation processes realized during 

annealing. Especially the microhardness resistance against annealing is outstanding up to 360 °C in both 

PM alloys and is followed by a microhardness drop up to 440 °C.  

The LPSO structure does not persist isochronal annealing up to 440 °C in the WZ21 cast alloy contrary to 

heat treated more concentrated Mg-Y-Zn-Mn alloy [20] but a high density of stacking faults remains in both 

cast alloys - e.g. Fig. 6. Regions of the LPSO structure were detected in the WZ21 alloy only scarcely after 

repeated isochronal annealing up to 340 °C - Fig. 7 but disappeared by following annealing up to 440 °C 

again. No LPSO phase development was observed during repeated isochronal annealing of the WEZ211 

alloy. Minor phase changes observed due to isochronal annealing of both studied cast alloys are supported 

by measured resistivity changes which correspond to an estimated maximum matrix purification of few tenths 

of wt. % of solutes. They are most probably embedded and then released again from stacking faults and the 

LSPO phase eventually. 

No pronounced grain growth occurs in the PM alloys after isochronal annealing up to 440 °C - Figs. 8, 9. 

Slight coarsening of grain boundary phase particles as well as of the particles inside grains was observed in 

the WEZ211 alloy at the end of annealing procedure - Fig. 10. Coarsening of particles decorating grain 

boundaries in the WZ21 alloy is only very moderate. The main feature of the annealed microstructure of both 

PM alloys is the nearly complete disappearance of substructure introduced by extrusion - Fig. 11. This is the 

reason of the pronounced microhardness decrease of both PM alloys annealed above 360 °C. The absence 

of aging features in the whole annealing temperature range corresponds well to insignificant resistivity 

changes induced by very low solutes concentration changes.  

4.  CONCLUSIONS  

PM production of the Mg2Y1Zn and Mg2Y1Nd1Zn alloys suppresses completely formation of stacking faults 

and the LPSO phase(s) observed in the same squeeze cast alloys. Neither stacking faults nor the LPSO 

 

 

Fig. 4 Microhardness changes due to isochronal 

annealing in WZ21 and WEZ211 repeatedly heat-

treated and in those PM prepared 

Fig. 5 Resistivity annealing curves of as-cast and 

PM WZ21 and WEZ211 alloys and of cast alloys 

repeatedly isochronally heat-treated 
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phase(s) developed during isochronal annealing of the PM alloys whereas stacking faults persist in the 

squeeze cast alloys the same procedure. High density of stacking faults ensures thermal stability of 

microhardness in annealed cast alloys. The small grain size, the fine substructure and the different grain 

boundary phases are most probably the reason of strengthening (~ 50 %) introduced by PM procedure. The 

substructure secures high stability of microhardness in the PM alloys up to annealing at ~ 360 °C. 

 

   
Fig. 9 TEM image of PM WEZ211 

alloy isochronally annealed to 

440 °C 

Fig. 10 Coarsened grain boundary 

particles in PM WEZ211 alloy 

isochronally annealed up to 440 °C 

Fig. 11 Substructure free PM 

WZ21 alloy after isochronal anneal 

up to 440 °C 
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Abstract 

X-ray diffraction analysis, scanning electron microscopy, and Auger electron spectroscopy were used to 

study structural peculiarities of sintered (Nd,Pr,Dy,Tb)-Fe-B magnets prepared using a “strip-casting” alloy 

and TbH2 additions. The marked increase in the coercive force observed along with a slight decrease in the 

residual inductance, which were reached in using TbH2 hydride additions in the powder mixture, are 

discussed in terms of the formation of nano-heterogeneous distribution of Tb within 2-14-1 phase grains. The 

existence of such a Tb distribution is assumed to determine the magnetic hardening of the principal phase. 

Keywords: Nd-Fe-B magnets, scanning electron microscopy, Auger electron spectroscopy, hysteretic 

properties 

1. INTRODUCTION 

Our previous studies related to the improvement of magnetic properties of high-coercivity Nd-Fe-B magnets 

prepared from “strip-casting” alloy doped with the TbH2 hydride showed the efficiency of REM hydrides 

added to powder mixtures [1, 2]. The magnetic characteristics obtained for the magnet (powder mixture with 

4 % TbH2 was used) after optimum heat treatment are: Br = 1.22 T, jHc = 1940 kAm-1, and (BH)max = 292 

kJm-3 (for comparison, the same parameters for the magnet sintered from a Tb-containing alloy are Br = 

1.17 T, jHc = 1610 kAm-1, and (BH)max = 248 kJm-3). 

The terbium dihydride additions were applied taking into account the possible realization of the following 

mechanism: increase and improvement of the near-surface portion of Nd2Fe14B-phase grain at the expense 

of gradient distribution of some elements (Tb, Dy, Nd, Pr) [3-6]. Thus, we expected to find the enrichment of 

near grain-boundary regions in Tb. In [1], the Tb distribution across Nd2Fe14B-phase grains was discussed. 

The present study is aimed at investigation of structural peculiarities of the initial “strip-casting” alloy and 

prepared magnet to clarify the mechanism of the coercive force enhancement in using the hydride additions. 

2. EXPERIMENTAL 

The preparation procedure of the Nd-Fe-N-based magnet under study is described in detail in [8]. As the 

initial components, Russian “strip-casting” alloy [7] containing (wt.%) 24.0 Nd, 6.5 Pr, 0.5 Dy, 1.0 B, 0.2 Al, 

Fe - balance (the charge composition) and terbium hydride were used. Terbium hydride (TbH~2) was 

prepared by direct reaction of gaseous hydrogen with terbium metal in accordance with the procedure 

suggested by Prof. H. Drulis using a glass Sieverts-type apparatus (Institute of Low Temperature and 

Structure Research, Polish Academy of Sciences, Wroclaw, Poland). The initial metal was preliminary 

mailto:natalik@imet.ac.ru
mailto:lukinikul@rambler.ru
mailto:Katerina.Scotnicova@vsb.cz
mailto:H.Drulis@int.pan.wroc.pl
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activated (degassed) at 500 C (for 1 h), and after hydrogen puffing, the metal was subjected to prolonged 

~24 h holding at 500 ÷ 600 C (for homogenization). The obtained compound is breakable. 

Structural changes of the TbH~2 hydride during decomposition were studied by high-temperature X-ray 

diffraction (XRD) analysis using a DRON setup, which allows one to study phase transformations in a 

vacuum of 6.65x10-3 Pa upon heating to 2500 C - W(Mo) heater. The substrate used is a Pt-Rh boat. The 

measurements were performed in a 2θ angular range of 10 ÷ 100 at a step of 0.05 and 2-s exposition 

using Cu radiation. The sample was heated at a rate of 10 Kmin-1. X-ray diffraction patterns were taken at 

25, 300, 700, 750, 800, 850, and 25. The X-ray diffraction was also taken after decomposition and air 

exposure at 25 C. 

The microstructure and chemical composition of initial “strip-casting” ribbons were studied using equipment 

of Regional Materials Science and Technology Center, Ostrava. X-ray diffraction analysis of initial alloy 

(“strip-casting”) and sintered magnets was performed using a Difrei 401 diffractometer (NP ZAO Nauchnye 

Pribory, St.-Petersburg, Russia) and Cr K radiation. 

The microstructure and chemical composition of prepared magnets were studied by electron scanning 

microscopy and Auger-electron spectroscopy using an EVO 40 (Zeiss) scanning electron microscope 

equipped by an X Flash 1106 SD detector and a “PHI-680” Auger-electron spectrometer (Physical 

Electronics), respectively. The primary-beam diameter  = 40 nm; depth of analysis is 0.5 ÷ 5 nm; residual-

gas pressure in the chamber Р = 1.3x10-7 Pa. 

3. RESULTS AND DISCUSSION 

The kinetic of decomposition of the TbH2 hydride was studied in [1]. The intense hydrogen evolution was 

observed above ~ 900 C. Structural transformations occurring during the decomposition were studied by 

high-temperature diffraction analysis (see Figs. 1a-b). It is seen that, after heating to 850 C under high-

vacuum condition, the formation of terbium oxide along with the hydrogen-deficient terbium hydride takes 

place. The high reactivity of powder terbium resulting from the TbH2 decomposition is demonstrated in Table 

1 and Fig. 1b that shows the XRD pattern of the sample exposed to air. 

As is seen, the phase composition of sample subjected to high-temperature decomposition and exposed to 

air is characterized by the presence of a great amount of Tb2O3 oxide. This fact indicates that, after 

decomposition, the powder cannot be exposed to air since subsequently it is the source of oxygen 

contamination of magnets. 

The initial strip-casting alloy (both contact and free sides milled powder) was also studied by XRD (Fig. 2a 

and b). The composition of strip-casting ribbon (wt.%) is 24.0 Nd, 6.5 Pr, 0.5 Dy, 1.0 B, 0.2 Al, Fe - balance. 

According to XRD data, the contact side of strip-casting plate is characterized by substantial texture. The X-

ray diffraction pattern of the milled powder demonstrates the shift of reflections to the high angle range. The 

presence of Nd-rich phase was not found by XRD analysis (no clearly defined reflection is observed at 2θ = 

~ 46°). 

The microstructure of strip-casting ribbons was observed for both cross and longitudinal sections (Fig. 3 a-f). 

The microstructure is a mosaic of blocks formed by groups of parallel plates. The cross section demonstrates 

the dendritic structure formed by plates of 2-14-1 phase grains. Grains are elongated along the heat-removal 

direction during solidification. The grains size along short axis is 1 ÷ 8 μm. 
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a) b)  

Fig. 1 (a) X-ray diffraction patterns for TbH2 hydride taken before and after heating to 850C during high-

temperature XRD analysis; (b) X-ray diffraction pattern for TbH2 subjected to decomposition during heating 

to 850 C and air exposure 

 

Table 1 Phase composition and calculation of lattice parameters of phases in sample exposed to air after 

high-temperature decomposition 

Phase 
Volume fraction 

(vol.%) 

Weight fraction  

(wt.%) 

Lattice parameters 

(nm) 

TbH2 (type C1) 29.2  0.2 27.5  0.2 a = 0.524947  0.000018 

Tb (A3, hcp) 24.3  1.3 25.5  1.3 a = 0.360531  0.000016 

c = 0.569714  0.000048 

Tb2O3 (type D5.3 ) 38.6  0.3 38.8  0.3 a = 1.72933  0.000042 

Tb5H (type A3 ) 7.8  1.3 8.2  1.3 (hydrogen 

solid solution) 

a = 0.362006  0.000044 

c = 0.569879  0.000076 

 

 

a)  b)  

Fig. 2 (a) X-ray diffraction patterns of the initial strip-casting alloy: black and red spectra correspond 

to free and contact sides, respectively. (b) X-ray diffraction pattern of milled strip-casting ribbon powder; bar 

diagram corresponding to the Nd2Fe14B compound is also shown 
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The data of Table 2 indicate the presence of oxide phases in tripe junctions of 2-14-1 phase; copper is found 

as individual inclusions and in triple junctions as well. The composition of principal magnetic phase is close 

to that of charge. The displacement of main X-ray reflections to the high-angle range (Fig. 2b) indicates the 

decrease in the lattice parameter owing to the mechanical compressive actions from quenching surface 

during solidification. Their action is more substantial than the presence of Pr with the higher atomic radius. 

 

Table 2 Content of elements in phases found in strip-casting ribbon (wt.%) 

Point no./section, phase Oxygen Iron Copper Praseodymium Neodymium 

1 (Fig. 3c)/ cross 2.22-

9.73 

23.16-43.86 1.43-8.60 12.88-16.56 34.96-49.11 

2 (Fig. 3c)/ cross, 

 2-14-1 phase 

- 71.40-72.16 - 6.16-6.66 21.65-22.24 

1; 2; 

3; 4; 

5; 6; 

7; 8; 

9; 10  

(Fig. 3d)/ longitudinal  

2-14-1 phase; 

- 69.91; 69.83; 

70.13; 71.00; 

70.42; 71.88; 

71.34; 72.10; 

69.47; 71.56 

- 6.76; 6.75; 

7.36; 6.06; 

6.69; 5.98; 

6.47; 6.87; 

 6.77; 5.72 

23.33; 23.42; 

22.51; 22.94; 

22.89; 22.14; 

22.20; 21.02; 

23.77; 22.72 

3 (Fig. 3c)/ cross 4.15-

9.86 

27.40-59.92 0.00-0.76 8.42-18.19 26.26-44.20 

 

   
a)       b)         c) 

   

d)       e)         f) 

Fig. 3 Microstructure of strip-casting ribbon: (a, b, c) cross section and (d, e, f) longitudinal section. The 

element composition of phases found (c) and element distribution in the 2-14-1 phase along the ribbon 

thickness (d) are given in Table 2 
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a)  b)   

Fig. 4 XRD patterns for the (a) sintered and (b) annealed (under optimum conditions [2]) Nd-Fe-B magnet 

prepared with 4 wt.% TbH2 

 

The observed displacement of reflections to the low-angle range (Fig. 4) exhibits the existence of substantial 

stresses in the 2-14-1 phase lattice and increase in the lattice parameters. The stressed state of the lattice 

remains after annealing. The presence of reactive Tb powder during sintering (formed after decomposition of 

TbH2 hydride) determines the diffusion of Tb atoms (which have the lower atomic radius as compared to that 

of Nd atoms) to the 2-14-1 phase lattice, which is accompanied by ousting Nd atoms to grain boundaries. 

Since the diffusion coefficient of Nd atoms is lower than that of Tb atoms [8], the Tb diffusion is more 

substantial; such an inequality of diffusion flows of atoms induces lattice stresses and leads to non-uniform 

Tb distribution within the principal magnetic phase grains, which is demonstrated by data of Fig. 5. 

 

   
a)        b)       c) 

Fig. 5 (a) SEM: Nd-Fe-B magnet with 4 wt.% TbH2; Nd + Tb distribution and Auger-electron spectroscopy data: 

(b) electron micrographs of the Nd-Fe-B magnet surface after etching (for 30 min), and (c) Tb distribution. 

As is seen from Fig. 5, the magnet prepared with the TbH2 addition exhibits a specific heterogeneous Tb 

distribution, which is characterized by the existence of precipitates within 2-14-1 hard magnetic phase grains. 

CONCLUSIONS 

The heterogeneity of principal magnetic phase in rare-earth hard magnetic materials can lead to the increase 

in structure-sensitive magnetic parameters (Hk, Br, jHc). It is likely that the existence of nano-heterogeneous 
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structure, which was found within 2-14-1 principal magnetic-phase grains, explains the unusual increase in 

jHc in sintered magnets alloyed with “heavy” rare-earth metal hydride. The heterogeneous structure is formed 

during the milling (mechanical alloying of strip-casing alloy and TbH2 hydride) and sintering. The role of low-

temperature treatment consists in the improvement of grain-boundary phases at the expense of Nd (Nd + Pr) 

diffusion from the 2-14-1 phase into Rrich grain-boundary phases. 
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Abstract 

This paper presents the analysis of microstructural changes of Inconel 718 alloy. After heating in electric 

chamber furnace, the Inconel 718 alloy billet was forged at 1150 °C. The temperature of heating, forging and 

cooling of the billet was constantly monitored. Processing of the investigated alloy was preceded by 

dilatometric tests, by analyses of microstructure of the Inconel 718 alloy in the as-received state and of the 

state after hot deformation in compression under various thermo-mechanical conditions on the Gleeble 

simulator, as well as by numerical simulations of forging of this alloy. Numerical simulations were conducted 

with the use of the QForm 3D software. The obtained results of both simulations and microstructural analysis 

were used to determine the conditions of forging of the Inconel 718 alloy under industrial applications. The 

correlation between the results of microstructural observations, hot compression tests and forging of the 

investigated alloy in industrial conditions were discussed.  

Keywords: nickel alloy, microstructure, forging, numerical modelling 

1. INTRODUCTION  

The Inconel 718 is a wrought nickel alloy produced by precipitation hardening [1-4]. Due to the creep 

resistance up to 650 °C and its lower cost (due to a high iron content) in comparison to the other nickel alloys 

[5,6], the alloy finds many practical applications [1,7]. Although the Inconel 718 alloy is considered to be 

ductile, it is possible to obtain forgings with no defects and with favourable microstructure only by selection of 

appropriate parameters of forming [8]. The purpose of this study was to determine the process window for 

the implementation of forgings of an elongated, compact shape, characterized by a differentiated way to fill 

the die cavity. 

2. INVESTIGATED MATERIAL  

The object of the study was the Inconel 718 alloy with the chemical composition shown in Table 1. The 

material was supplied as a bar with a diameter of 50 mm. The initial analysis of the as-supplied material has 

shown separation of the  phase (needle-shaped precipitates within the grain boundaries) as well as NbC 

and TiC carbides in the matrix of the fcc crystal structure (Fig. 1), suggesting that the material in the initial 

state was therefore not oversaturated. 

Table 1 Chemical composition (wt.%) of the investigated Inconel 718 alloy 

C Fe Co Nb+Ta Ti Cr Mo Al Ni 

0.024 18.12 0.20 5.22 1.00 17.95 2.90 0.49 Bal. 

mailto:anetasolek@gmail.com


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1511 

  

Fig. 1 Microstructure of the investigated alloy in the as-supplied condition 

3. DILATOMETRIC RESEARCH  

Dilatometric tests were performed in order to determine the temperature range for forging of the investigated 

alloy. Fig. 2 shows the heating curves of the alloy in as-delivered condition recorded at the rate of 0.08 °C/s 

up to 1200 °C. During the heating at approx. 400 °C, thermal expansion occurs up to the temperature of 

approx. 650 °C. This effect is associated with the precipitation of Ti and/or Cr carbides, or with the 

precipitation and growth of intermetallic phases. At the temperature of 650 °C, a reduction in expansion 

takes place (contraction on the differential curve), which is probably associated with the initiation of 

precipitation of intermetallic phases. At the temperature of 880 °C a reduction in expansion occurs, which is 

associated with the beginning of dissolution of  phase. At the temperature of approx. 1000 °C, a temporary 

stabilization of expansion takes place, and at approx. 1050 °C its reduction appears, which may indicate 

dissolution of intermetallic phases in the investigated alloy. 

  

Fig. 2 Dilatometric curve of heating at the rate of 0.08 °C/s with corresponding differential curve 

4. NUMERICAL MODELLING AND INDUSTRIAL TESTING  

For the purposes of the analysis the elongated forging with a compact shape was chosen, characterized by a 

differentiated way to fill the die (Fig. 3). 

 a) 

 

b) 

 

Fig. 3 Forging model: a) with b) without the flash 
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The process of forging included the following: upsetting of the billet with dimensions Ø 30 x 114 mm to 25 

mm square, followed by its forming in initial die impression and in the final impression. Numerical modelling 

was performed using commercial software QForm 3D based on the finite element method. The analyzed 

material flow characteristics, necessary for the forging process simulations, were determined by compression 

tests under various temperature-stress-strain conditions using the Gleeble 3800 thermo-mechanical 

simulator. Effective mean stress and strain distributions were obtained from the performed simulations. The 

results of numerical modelling of forging of the billet made of Inconel 718 are presented in Figs. 4 and 5. The 

mean stress distribution (Fig. 4) and effective strain (Fig. 5) were analyzed on cross-sections of the forging. 

The highest value of compressive stress occurred at the bottom of the forging and it ranged from 1800 to 

2200 MPa. 

 

 

 

 

 

 

Fig. 4 Mean stress distribution 

 

 

 

 

 

 

 

Fig. 5 Effective strain distribution 

The die cavity during forging is filled by upsetting and piercing. Proper material flow was observed in the 

whole volume of the forging. A high degree of strain inhomogeneity within the volume of the workpiece was 

noticed. Several regions of different strain levels were also distinguished in the forged part. When assessing 

the distribution of effective strain, large non-uniformity was identified. Few specific areas of strain that 

affected the properties of the material (forging) could be noticed (highlighted). In the analyzed process of link 

forging, the maximum values of effective strain were concentrated in a web of the forged part and in a flash, 

which was connected with the intense material flow in these parts of the forging. Due to the methods of filling 

the die cavity during forging the link, the maximum value of strain intensity occurs particularly in the areas of 

maximum depth of die cavities (bottom area) and in the area of the flash, and this is due to the substantial 

material flow in these areas. Large deformation intensity values indicated a better throughput of material 

MPa 
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(reduction ratio), which should result in better mechanical properties of the finished product. It was possible 

to observe the presence of areas with little processing (strain) caused by a slight movement of the material. 

These areas were located at the radius of the outer part at both the lower and the upper surface of the die 

cavity. 

Moreover, the analysis of the forging process indicated that throughout the volume of the forging, the 

intensity of strain rate was approx. 0.1 s-1 (Fig. 6). Simulation of the strain rate at 1150 °C in the Gleeble 

thermo-mechanical simulator (heating rate 2.5 °C/s, holding time 10 s, cooling in the compressed air, true 

strain 1) resulted in obtaining a uniform microstructure as an effect of dynamic recrystallization (Fig. 7). The 

microstructure was considered appropriate for the final forging. Therefore, the above forging conditions were 

considered as appropriate for industrial testing. 

 

 

 

 

 

 

 

Fig. 6 Effective strain rate distribution 

 

 

 

 

Fig. 7 Microstructure of the test sample as a result of deformation of the alloy in the thermomechanical 

simulator Gleeble at the temperature of 1150 °C and at the strain rate of 0.1 s-1 

Forging trials of a model forging (Fig. 8) from the Inconel 718 alloy were carried out in the plant “Forging 

Group Grelowski” in Goleszów, Poland. The Inconel 718 alloy heated in a chamber gas furnace (with the 

controlled heating of the billet) to the temperature of 1250 °C was forged in the screw-hydraulic press at the 

maximum pressure of 1000 t. The temperature of the billet was constantly monitored by thermocouples 

attached to it. The die temperature was 300 °C and the initial temperature of the forging was 1150 °C. The 

parameters of industrial trials matched the ones set out in numerical calculations. 

 

1/s 
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Fig. 8 Forging of the link cell in an industrial environment with the selected area for microstructure tests 

 

The microstructure of the studied forging cross-section is shown in Fig. 9. As can be seen it was possible to 

get a finer grain in industrial environment than the one predicted by computer simulations and laboratory 

tests carried out in thermo-mechanical simulator Gleeble's. 

 

 

 

 

Fig. 9 Microstructure of the industrial forging in the analyzed area (Fig. 8) 

Unfortunately, in the studied area a fracture in the industrial forging was observed (Fig. 10), which was not 

indicated by calculations performed. However, the crack was observed near the area of the flash, where the 

numerical calculations show large stresses and strains. 

 

 

 

 

Fig. 10 Crack observed in the industrial forging 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1515 

5. CONCLUSIONS 

Methodology used to develop the technology for production of forging made of the alloy Inconel 718 made it 

possible to obtain proper microstructure in the industrial forging. Applied numerical modelling indicated the 

area of particularly high material stress, in which a fracture in an industrial forging was found. However, the 

results of the computer simulation did not allow an unambiguous statement that danger of crack formation 

existed in this area. The results obtained in this study will be used for finding the boundary conditions for 

numerical simulation in order to make more effective predictions of the crack formation in the alloy Inconel 

718. 
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Abstract  

The effect of niobium content on phase transformations in two binary alloys on the base of TiNb was studied. 

The temperatures of phase transformations for Ti22Nb and Ti25Nb alloys after rotary forging were identified 

using Differential Thermal Analysis. The niobium concentration in both alloys was determined by means of 

EDAX analysis. For both alloy compositions, the microstructure formed of alpha and beta phases was 

observed before and after Differential Thermal Analysis by means of optical and scanning electron 

microscopes. The metallographic study was completed with microhardness measurement. The 

microhardness values proved decreasing tendency with increasing niobium content. After DTA 

measurement, microhardness increased due to the alpha precipitation. 

Keywords: beta titanium alloy, TiNb, DTA, microhardness 

1. INTRODUCTION 

Biocompatible materials for applications in traumatology and orthopedics typically require a combination of 

excellent biocompatibility and convenient mechanical properties. The mechanical characteristics, especially 

the Young’s modulus must be as close as possible to those of bone to avoid or minimize the bone atrophy 

due to the stress shielding effect [1]. The new generation of low modulus beta titanium alloys based on TiNb 

system which are free of cytotoxic elements presents superelastic behavior and possesses the very good 

mechanical properties for use as medical metallic implants. According to recent studies [2, 3, 4], the shape 

memory behavior of TiNb alloys is concentration dependent and is related with martensitic transformation. 

The temperature of martensitic transformation Ms (martensite start temperature) shows Nb content 

dependence and decrease by 40 °C with 1 at.% increase of Nb content for Ti(20-28)Nb alloys. Superelastic 

behavior due to stress induced martensite transformation was observed in the Ti(26-27)Nb alloys at room 

temperature. Superelasticity of TiNb based alloys can only take place if β phase is maintained. The 

maximum transformation strain ranges from about 3 to 4 % for TiNb based alloys exhibiting superelasticity at 

room temperature that could be sufficient for most medical applications [5]. 

In the present paper, the influence of Nb content on the temperature of phase transition β  , 

microstructure feature and on the microhardness has been investigated in two promising biocompatible 

alloys based on TiNb system. 

2. EXPERIMENTAL  

TiNb master alloy (55/45 wt.%) and Ti pieces were used to prepare experimental alloys with the nominal 

compositions of Ti22Nb and Ti25Nb (at.%) by plasma melting. The ingots were transformed into the wires of 

3 mm in diameter by rotary forging at 850 °C.  

The phase transformation behavior was controlled by means of Differential Thermal Analysis (DTA) with use 

of Setaram SETSYS 18TM apparatus. The samples of weight of about 115 mg and of cylindrical shape with 

3 mm in  diameter and 3 mm of height were analyzed in corundum crucibles at constant heating and cooling 

rate of 5 °C/min in high purity Ar (6N) atmosphere. Prior to the DTA analysis, the samples were slightly 

ground and cleaned in acetone by simultaneous impact of ultrasound. 

mailto:mlosertova@vsb.cz
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The microstructure feature was study before (as-forged state) and after DTA analysis by means of optical 

microscope (OM, OLYMPUS DP GX51) and scanning electron microscope (SEM) FEI QUANTA 450 FEG 

equipped with EDAX APOLLO X probe. The samples for metallographic observation were electrolytically 

polished and etched for 2 ÷ 5 s in solution of HF, HNO3 and C2H6O3 (2:1:2). The niobium content was 

measured by EDAX microanalysis. The Vickers microhardness of specimens was measured by means of the 

Future - Tech FM - 100 device with load of 0.2 kg for 7 s and indentation step of 1 mm.  

3.  RESULTS AND DISCUSSION  

The results of EDAX microanalysis in Table 1 confirmed the demanded composition of both alloys, thus the 

plots of DTA measurement (Fig. 1) correspond to phase transformation in Ti22Nb and Ti25Nb alloys. The 

temperature intervals or peaks related to microstructure changes are summarized in Table 2. 

Table 1 Average values of EDAX microanalysis of the content of elements in TiNb alloys 

Alloy 

Element 
Ti22Nb Ti25Nb 

At.% St.deviation At.% St.deviation 

Ti 78.46  0.92   74.76 0.57  

Nb  21.54  0.82 25.24 0.56  

 

 

 

 

 

 

 

Fig. 1 The DTA heating and cooling curves with peaks of transition temperatures for rotary forged a) Ti22Nb 
and b) Ti25Nb alloys 

 

Ti25Nb exhibited an endothermic peak near 160 °C that corresponds to precipitation of some amount of  

phase [6]. As the both alloys were hot forged at 850 °C, thus above the β transus, the final forged 

microstructure (Fig. 2) consisted of retained β phase with small or none  precipitates formed during cooling 

after thermo-mechanical treatment. Unlike Ti25Nb no clear peaks at first stages of heating could be detected 

for Ti22Nb, only very slight corrugated plot could be observed, thus no more precipitation of an important 

amount of  phase could be expected.  Another endothermic peaks at higher temperatures correspond to 

transition from  + β microstructure to β phase in both alloys, it means at 484 and 458 °C for Ti22Nb and 

Ti25Nb, respectively. The exothermic peaks during cooling were detected at rather different temperatures 

that would correspond on heating. Although Ti22Nb exhibits two peaks, at  290 and 101 °C, another phase 

that  could not be determined by neither optical nor scanning electron microscope. The peak at 131 °C in 

Ti25Nb could be related with  phase precipitation.  
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Table 2 Temperature intervals and peaks determined from DTA plots for TiNb alloys 

Alloy 
Ti22Nb Ti25Nb 

peak (°C) interval (°C) peak (°C) interval (°C) 

heating - 150-200 160 130-200 

 484 337-530 458  379-508 

cooling 290 337-249 - - 

 101 133-73 131 286-109 

a)       b)   

Fig. 2 OM micrographs of TiNb alloys after rotary forging: a) Ti22Nb with prolonged  grains and 

 precipitates, b) Ti25Nb with deformed  grains 

a)       b) 

Fig. 3 OM micrographs of TiNb alloys after DTA measurement: a) Ti22Nb, b) Ti25Nb with equiaxed  grains 

and very fine  precipitates 
 

The optical micrographs of rotary forged samples before and after DTA measurement are shown in Figs. 2 

and 3, respectively. Elongated grains typical for rotary forging (hot working) were found in longitudinal 

sections of samples (as seen in Fig. 2a) and very fine recrystallized grains are typical for cross section (as 

seen in Fig. 2b). Unlike Ti25Nb alloy low Nb content in Ti22Nb promoted more evident precipitation of  

phase in hot deformed microstructure. Change of microstructure after DTA in Ti22Nb and Ti25Nb samples is 
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shown in Fig. 3. For both alloys, very fine precipitates of  phase are observed in the equiaxed grains of  

phase as well as at grain boundaries. 

Microhardness measurement revealed lower values for higher Nb content for as-forged state as well as after 

DTA analysis (Table 3). As it was reported in [6, 7] lower microhardness of Ti25Nb samples is due to β 

phase stabilized by higher Nb contents. In Fig. 4, it can be seen that microhardness increased after DTA for 

both alloy compositions. In the case of Ti22Nb the values increased by 41 HV unlike Ti25Nb where the rising 

was only by 10 HV. Based on metallographic observation the higher microhardness values are due to the 

precipitation of  phase that confirmed the peaks on DTA curves. 

Table 3 Vickers microhardness (HV) values of two TiNb alloys in rotary forged state and after DTA 

measurement 

Alloy 

Treatment 
Ti22Nb Ti25Nb 

  Mean value 
(HV) 

Standard 
deviation 

Mean value 
(HV) 

Standard 
deviation 

as-forged 230 7 219 7 

after DTA  261 8 229 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Average values of Vickers microhardness measurement of rotary forged Ti22Nb and Ti25Nb alloys 
before and after DTA analysis 

 

4.  CONCLUSIONS  

Based on the results of the DTA measurement, metallographic observation and Vickers microhardness 

measurement of two TiNb based alloys with nominal compositions of 22 and 25 at.% Nb following 

conclusions could be drawn:  

1) content of Nb in as-forged Ti22Nb and Ti25Nb alloys reached of 21.54 and 25.24 at.%, respectively, 

that shows good agreement with demanded compositions; 

2) endothermic peaks on the DTA curves at heating revealed that first precipitation of  phase passed in 

retained β grains after hot deformation and then it was followed by transition from  + β to β structure;  
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3) microhardness of Ti25Nb alloy exhibited lower values than in the case of Ti22Nb alloy due to higher 

Nb content and stabilized β structure; 

4) higher microhardness values after DTA for both alloy compositions corresponded to precipitation of  

phase. 
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MODELLING OF TERNARY ALLOY SYSTEMS USING MATLAB SOFTWARE 
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Abstract 

Most diagrams of ternary alloy systems are characterized by isothermal and polythermal projection or are 

modelled in thermodynamic programs like THERMOCALC, PANDAT or MTDATA. The equilibrium projection 

of liquidus, solidus and solvus are not usually mathematically defined, so it is very difficult to determine parts 

of each phase for specific ternary alloys during crystallization. It is also complicated to calculate equilibrium 

distribution coefficients for each compound depending on the temperature. At the workshops of VŠB - 

Technical University of Ostrava user software was developed using the programming environment of Matlab. 

This software allows us to create mathematical descriptions, simulations and modelling of ternary systems 

using B-spline areas method after obtaining experimental data, isothermal projections or polythermal 

sections. The software constructs complete 2D and 3D models of specific ternary systems, calculates parts 

of each phase in the equilibrium solidification or calculates equilibrium distribution coefficients depending on 

the temperature. 

Keywords: ternary alloy system, modelling, Matlab, equilibrium distribution coefficient 

1. MODELLING OF TERNARY SYSTEM BY B-SPLINE SURFACES 

Three-dimensional phase diagrams of ternary systems are given as liquidus, solidus and solvus surfaces. 

The B-spline surfaces are very useful to model these surfaces. The graphic representations of the ternary 

system are horizontal isothermal sections and vertical polythermal sections. 

1.1. The definition of B-spline curves 

A pth-degree B-spline curve is defined by 
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On Fig. 1 are depicted examples of basis functions and B-spline curve for degree p = 3. 

 

Fig. 1 The basis functions and B-spline curve with degree p = 3 and knot vector: 

U = (0, 0, 0, 0, 0.25, 0.5, 0.75, 1, 1, 1, 1) 

1.2 Definition of B-spline surfaces 

A B-spline surface is obtained by taking a bidirectional net of control points   3
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On Fig. 2 is depicted an example of basis function and on Fig. 3 is depicted an example of control points 

and B-spline surface. 
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Fig. 2 The basis function N3,3(u)N5,3(v)    Fig. 3 B-spline surface 

2. THE SOFTWARE FOR MODELLING OF TERNARY SYSTEMS  

The software for modelling of ternary systems is an application developed in the program environment 

Matlab which enables scientific-technical numerical calculations, graphical representations, simulations and 

modelling. The software graphical user interface (GUI) was designed in Matlab so as its operation was the 

simplest for users and nearly intuitive for individual users. When working with the software, no knowledge of 

algorithms, functions or the Matlab programming language is required from users. Since the application 

works in GUI, the user’s work is only focused on the data take-off, their entering into the appropriate arrays 

in the application environment followed by generating individual outputs. 

2.1. The data take-off 

To be able to generate any output in the modelling software, it is necessary to work with the data gathered in 

advance which are processed in the application into a required output. The data are taken-off from 

thermodynamic diagrams of binary and ternary alloys in the form of concentrations of particular elements at 

various temperatures. The points from isothermal projections of ternary systems are taken-off so that a 

concentration triangle is divided into a suitable number of surfaces divided by grooves, by a minimum or 

maximum. Each surface is then spaced by several straight lines with the beginning in one point, but the best 

in 100 % of concentrations of pure components. Particular straight lines of each surface converge on the 

edges of adjoining surfaces which represent a groove or a minimum or maximum. If the ternary system is so 

simple that it does not have to be divided into several surfaces, the whole concentration triangle is taken as 

one surface (Fig. 4). At the data take-off several factors influencing the resulting model have to be taken into 

account. It could be supposed that the more data are taken-off the more accurate the generated output is. 

However, too many control points cause that the fitted B-spline curve is not smooth therefore it is more 

convenient to take-off fewer control points to achieve a smooth course. Another important factor influencing 

the resulting model is the data inhomogeneity caused by the elaboration of thermodynamic diagrams by 

various authors or by the year of their elaboration. The inhomogeneity problem can already show itself when 

specifying the melting point of pure components, when e.g. Merck and Knovel present that the melting point 

of vanadium is 1890 °C [1, 2], while the ASM International database presents 1910 °C [3]. Furthermore, 

when confronting edge values of isothermal cross-sections of liquidus and solidus with binary diagrams of 

the corresponding ternary system, it can happen that the liquidus and solidus curves of the binary sides do 

not conform. Therefore it is necessary to take into account the source of the taken-off data or to combine 

several different sources. 
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Fig. 4 The principle of the data take-off, system Cr-Mo-Nb [4] 

2.2  Description of the computer program 

The software graphical user interface consists of the main window, the entry form, which enables the 

application simple control. The entry form serves not only for adjusting the required conditions at modelling, 

but also the program subsection enabling the source data entry and editing may be opened from it (Fig. 5). 

In the upper left part of the form there is 

a window for establishing new files, 

whereas separate files are established 

for liquidus, solidus and solvus or the 

existing files can be loaded. If we want 

to create a new file, a table for entering 

basic data about the surface appears 

below the boxes „pure elements, empty 

files“, where we can enter the surface 

number and a number of points on one 

abscissa, which present the taken-off 

data or control points. According to the 

entered surface number and the 

number of points then a table for 

entering concentrations of individual 

components and the corresponding 

temperatures appears in the right part 

of the form. In the lower left part of the 

form so called „graphical representation 

of data“ appears for schematic control 

of individual surfaces, abscissas and 

taken-off points. 

Fig. 5 The form for entering the input data 
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When all the surfaces are defined, the modelling itself may start. It takes place in the input form (Fig. 6) 

which is divided into nine parts according to the specific purpose. 

1. Input files - serve for entering loaded source 

files for the liquidus, solidus and solvus 

surfaces.  

2. Representation of input data - shows the 

read points distribution in the concentration 

triangle.  

3. Binary diagrams - models equilibrium binary 

diagrams.  

4. Isotherms - models 2D and 3D isothermal 

projections of the ternary system with the 

required temperature step.  

5. Isotherms - the temperature range - models 

2D and 3D isothermal projections of the 

ternary system in the given temperature 

range and with the required temperature 

step.  

6. Polythermal cross-sections, ratio = const. - 

models polythermal cross-sections through 

the ternary system and represents it 

graphically for the opted ratio of elements A : 

B. 

7. Polythermal cross-sections, the element 

at.% = const. - models a polythermal cross-

section through the ternary system and 

represents it graphically.  

8. Tie lines - represents the 2D and 3D model 

of the ternary system with a selected 

number of tie lines for the given 

temperature. 

9. Equilibrium distribution coefficients - 

generates the values of equilibrium 

distribution coefficients of individual 

elements for the selected composition and 

temperature range. 

The developed software was tested on model types of ternary systems of eutectic and peritectic types and 

furthermore on real systems (Ag-Au-Pd, Hf-U-Zr, Fe-Cr-Ni, Ga-Sn-Zn, Cr-Mo-V, Mo-Nb-V, Nb-U-Zr and Al-

Sn-Zn). The ternary system Cr-Mo-V which is characterized by the minimum going from the side Cr-V to the 

side Cr-Mo is presented below (Fig. 7). 

The modelled equilibrium binary diagrams agree comparatively with the originals. But some inconsistencies 

were noted in the ternary system original as for the melting temperature of pure vanadium and the course of 

the isotherm for 1850 °C, which should be crossed by the minimum from the side Cr-Mo to the side Cr-V. In 

addition, if the melting point of pure vanadium shown in the binary diagram Mo-V from the ASM International 

database is 1910 °C, see (Fig. 8), the isotherm 1900 °C in the ternary system cannot finish on the Mo-V side 

above the melting point of pure vanadium. 

 

Fig. 6 The input form for modelling 
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Fig. 7 Isothermal projection of the ternary system Cr-Mo-V and equilibrium binarny diagrams Cr-V, Mo-V and 

Cr-Mo (model representation) 

 

Fig. 8 The isothermal projection  of the Cr-Mo-V ternary system liquidus and the Mo-V equilibrium  binary 

diagram [5, 6] 

Original ternary systems Cr-Mo-V from the ASM International database was elaborated by Y.A. 

Kocherzhinskii in 1985. The author also investigated particular binary systems of the above ternary system.  

After discovering these binary systems and their confrontation with the latest records, an approximate 

agreement with the published diagrams of other authors was found. However, Y.A. Kocherzhinskii published 

the Cr-V binary diagram as an ideal type with perfect solubility of both the components in both the liquid and 

solid states [6]. Most authors who investigated this binary system published it as the equilibrium binary 

diagram with perfect solubility of both the components in both the liquid and solid states and a minimum 

(2002 G. Ghosh, 1992 B.J. Lee, 1990 J.F. Smith, 1987 L. Kaufman, … [7]). Therefore the Cr-V binary 

diagram having the minimum at about 45 at.% Cr was incorporated in the model. It was found out on the 

basis of the Cr-Mo-V ternary system model that at higher Cr concentrations (above 70 at.%) that the course 

of isotherms will differ from the original in the ASM International database elaborated by Y.A. Kocherzhinski 

in 1985. The isotherm for the temperature 1850 °C should not start and finish on the Cr-Mo side, but it 

should run from the Cr-Mo side to the Cr-V side. The course of this isotherm should simultaneously copy a 

"valley" through both the above sides.  In case of the original of the Cr-Mo-V ternary system from the ASM 

International database this groove had to start on the Cr-Mo side and finish inside the system approximately 
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at the concentrations 69.6 at.% Cr, 25.3 at.% Mo and 5.3 at.% V, since in the original on the Cr-V side there 

is the binary diagram with perfect solubility in both the solid and liquid states without any minimum [5, 6]. 

CONCLUSION 

The software for the ternary systems modelling appears to be an efficient tool for representation of 2D and 

3D projections in ternary systems as well as for the equilibrium distribution coefficients calculation. Its 

advantage consists of possibilities of individual accommodation for any type of ternary system which 

provides a sufficient number of input data. Thanks to the software it is also possible to carry out the control of 

published ternary systems and to find possible inconsistencies or errors in their construction. Such an 

inconsistency was found in the Cr-Mo-V ternary system, where the course of the 1850 °C isotherm was 

recorded incorrectly. The neighbouring isotherms at this temperature do not start and finish on the same Cr-

Mo side but they run through the ternary system as far as the Cr-V side. In addition it was found that the 

groove running from the Cr-Mo side does not finish inside the ternary system, but it copies the isotherm 1850 

°C course at a lower temperature and finishes on the Cr-V side. 

The Cr-Mo-V system will be submitted to investigation with equilibrium binary diagrams by other authors to 

verify the generated model correctness.  

The software for the ternary systems modelling is still in the state of development and testing. Some errors in 

the model visualisation and calculation of equilibrium distribution coefficients are being debugged. At present 

some work on possibilities of modelling from the data only taken-off polythermal cross-sections is being 

carried out. 
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Abstract  

Selected nickel alloys were melted by vacuum induction melting (VIM). Samples were melted and cast under 

vacuum into the shape of rods with diameter of 10 mm. Thus prepared castings were directionally solidified 

at the rate of 100 mm/h in order to eliminate casting defects. Flaw detection tests were performed on the 

samples in the directionally oriented condition. Thus prepared samples did not contain any casting defects 

and they were used for determination of the basic mechanical properties and fracture characteristics at room 

temperature. It is evident after comparison of the tensile diagrams of experimental alloys that the alloys 

based on IC396, IC221M and IC438 and have similar character of failures. The sample based on the alloy 

IC50 exhibits with comparison with other alloys lower yield strength, the value of which is almost half. The 

alloy exhibits very high ductility and higher strength than the other alloys, but its low yield strength limits the 

possibilities of its practical use. The alloy IC396 has, however, significantly improved ductility compared to 

the alloys IC221M and IC438. Porosity and micro-hardness was also determined in these samples. Porosity 

and micro-hardness results do not show significant differences at measurements in transverse and 

longitudinal direction. Evaluation of the phase composition was performed on an analytical scanning 

microscope. Matrix composition corresponds approximately to the nominal composition of the alloys. The 

alloys contain furthermore phases with variable content of basic and alloying elements. The obtained results 

will be used as input information for further laboratory and pilot testing. 

Keywords: Nickel alloys, directional solidification, fracture characteristics, structure 

1. INTRODUCTION 

Nickel and nickel alloys have useful resistance to a wide variety of corrosive environments, typically 

encountered in various industrial processes such as in chemical processing petrochemical processing, 

aerospace engineering, power generation and energy conversion, thermal processing and heat treatment 

industry, oil and gas production, pollution control and waste processing, marine engineering, pulp and paper 

industry, agrichemicals, industrial and domestic heating, the electronics and telecommunication industries, 

and other [1]. Nickel alloys containing an intermetallic phase Ni3Al are very interesting thanks to their 

properties. The Ni3Al-based alloy has been modified with chromium, molybdenum, zirconium, and boron 

additions for obtaining a combination of improved strength and ductility properties [2]. These alloys have 

boron as the key trace addition since it improves the grain boundary cohesive strength and room 

temperature ductility. The other alloying additions include chromium (6 ÷ 9 wt.%) for reducing environmental 

embrittlement and oxidation at higher temperatures, Zr (0.2 ÷ 2.0 wt.%) for improving high temperature 

strength via solid solution strengthening, and Mo (1 ÷ 3 wt.%) for increasing the strength at ambient and 

elevated temperatures. Although these alloys are developed for commercial applications essentially as 

castings, their ductility is sufficiently high for hot working at temperatures above 1100 °C [3]. 
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2.  EXPERIMENTAL PART 

Nickel based alloys, which were used for high-temperature applications, were chosen for an analysis. 

Chemical composition of the alloys was modified and it is given in Table 1. The experimental alloys were 

based on IC50, IC396, IC221M and IC438. Selected nickel alloys were melted by vacuum induction melting. 

Samples were melted and cast under vacuum into the shape of rods with diameter of 10 mm. Chemical 

composition was verified by method of optical emission spectrometry. Thus prepared castings were 

directionally solidified at the rate of 100 mm/h in order to eliminate casting defects. The rods were 

directionally solidified (DS) by Bridgman’s method in corundum tubes with a specific angle. Directional 

solidification was realised in a two-zone solidification furnace. Flaw detection tests were performed on the 

samples in the directionally oriented condition. Thus prepared samples did not contain any casting defects 

and they were used for determination of the basic mechanical properties and fracture characteristics at room 

temperature. 

Table 1 Content of modified Ni based alloys 

Type of 
alloy 

Modified 
alloy  

Chemical composition of produced alloys [wt.%] 

Al Cr Mo Zr B Ni 

IC 50 A1 11.30 - - 0.60 0.01 88.08 

IC 396 A2 7.98 7.72 3.02 0.85 0.01 80.42 

IC 221M A3 8.00 7.70 1.43 1.70 0.01 81.10 

IC 438 A4 8.10 5.23 7.02 0.13 0.01 79.52 

2.1 Evaluation of mechanical characteristics, fracture 

Tensile tests were performed at room temperature. The strain rate used for the sample A1 was 1.2∙10-4 s-1. 

Due to slow progress of testing the strain rate was increased to 7∙10-4 s-1. The obtained values of yield 

strength, strength, ductility and contraction are given in Table 2. It is evident from comparison of the tensile 

diagrams of experimental alloys that the alloys based on IC396, IC221M and IC438 have similar character of 

failures. The sample based on the alloy IC50 exhibits in comparison with other alloys lower yield strength, 

the value of which is almost half. The alloy exhibits very high ductility and higher strength than the other 

alloys, but its low yield strength limits the possibilities of its practical use. The alloy IC396 has, however, 

significantly improved ductility compared to the alloys IC221M and IC438. 

Table 2 Mechanical characteristics of the Ni based alloys                      

Sample Alloy Rp0.2 Rm A Z 

[MPa] [MPa] [%] [%] 

A1 IC 50 239 880 48.8 44.4 

A2 IC 396 551 658 41.2 40.7 

A3 IC 221M 530 633 22.0 20.5 

A4 IC 438 414 688 23.2 23.0 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1530 

 

Fig. 1 Tensile diagram of the Ni based alloys 

Fig. 1 shows a tensile diagram of the Ni based alloys. Figs. 2 to 5 shows fracture surfaces. The fracture area 

in the sample A1 is of a mixed character with share of trans-crystalline fracture of dimple-like shape and 

trans-crystalline plastic fracture of cascade type. On the fracture area of the samples A2, A3 and A4 only 

trans-crystalline cleavage fracture of cascade character was observed. 

 

 

 

 

 

 

 

 

Fig. 2 Sample No. A1, fracture   Fig. 3 Sample No. A2, fracture 
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Fig. 4 Sample No. A3, fracture   Fig. 5 Sample No. A4, fracture 

2.2 Evaluation of structural characteristics 

Structural analysis was made on longitudinal and transverse sections of the samples. Figs.  6 to 9 show 

micro-structures of the samples in directed state. Porosity results do not show significant differences at 

measurements in transverse and longitudinal direction. Porosity in all the samples in transverse and 

longitudinal direction makes approximately 0.05 %. Evaluation of the phase composition was performed with 

an analytical scanning microscope. Matrix composition corresponds approximately to the nominal 

composition of the alloys. The alloys contain furthermore phases with variable content of basic and alloying 

elements. The alloys contain usually identified phases [4]. These alloys contain γ’ phase, carbides of various 

types, phases containing sulphur and zirconium (ZrSx) and other phases. 

 

 

 

 

 

 

 

Fig. 6 Sample No. A1, microstructure  Fig. 7 Sample No. A2, microstructure 

Micro-hardness HV0.05 was determined in all the samples in directed state both in transverse and 

longitudinal direction. Differences between the values measured in transverse and longitudinal direction are 

no too distinct. The alloy of the type IC50 has micro-hardness of approx. 230 HV0.05, which are the smallest 

values of all experimental alloys. The alloys of the types IC396, IC221M and IC438 have micro-hardness 

around 300 HV0.05.  
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Fig. 8 Sample No. A3, microstructure   Fig. 9 Sample No. A4, microstructure 

CONCLUSIONS 

The prepared samples did not contain any casting defects and they were used for determination of the basic 

mechanical properties and fracture characteristics at room temperature. The alloys based on IC396, IC221M 

and IC438 and have similar deformation behaviour. The sample based on the alloy IC50 exhibits in 

comparison with other alloys lower yield strength, the value of which is almost half. The alloy exhibits very 

high ductility and higher strength than the other alloys, but its low yield strength limits the possibilities of its 

practical use. The alloy IC396 has, however, significantly improved ductility compared to the alloys IC221M 

and IC438. Porosity and micro-hardness was also determined in these samples. Porosity and micro-

hardness results do not show significant differences at measurements in transverse and longitudinal 

direction. Evaluation of the phase composition was performed on an analytical scanning microscope. Matrix 

composition corresponds approximately to the nominal composition of the alloys. The alloys contain 

furthermore phases with variable content of basic and alloying elements. The obtained results will be used 

as input information for further laboratory and pilot testing. 
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Abstract  

As prediction of material behaviour by Finite Elements Analysis is nowadays an integral part of material 

engineering, the necessity to obtain relevant material data with highest accuracy possible became crucial.  

Usually, tensile tests are performed under quasi-static conditions, which mean that the loading of specimen 

corresponds with strain rate about hundredths s-1. In reality, however, materials are often subjected to much 

higher strain rates (up to thousands s-1) and their properties can change rapidly with rising strain rate. 

Material testing at high strain rates is important especially for materials that are used in applications where 

impact damage is probable, such as in pressure vessels, vehicles etc. 

For this paper, individual tests were performed at strain rates from hundredths s-1 up to hundreds s-1, 

recorded using standard or high speed camera and evaluated by Digital Image Correlation (DIC) method. 

This method is based on recognition of change of pattern in sequence of images. Stochastic pattern is 

applied on the surface of the specimen prior testing. Under the load, the specimen is deformed and so is the 

applied pattern. Comparing the images, changes in the pattern are registered and displacements and strains 

are calculated. The results are discussed.  

Keywords: tensile tests, high strain rates, digital image correlation (DIC) 

1. INTRODUCTION 

To obtain good FEM simulation results the provided input material data have to encompass not only 

behaviour of investigated material under standard quasi-static testing conditions, but also under service 

loading conditions. This means that the influence of strain, strain rate, stresses and temperatures have to be 

assessed and taken into consideration. For many years, one of the traditionally used tests is tensile test, 

which is still widely used with very small change in samples geometries or tests execution procedures itself. 

Significant improvement, however, have been achieved in the possibilities of measurements with new testing 

equipment and evaluation procedures. 

Usually, tensile tests are performed under quasi-static conditions, which mean that the loading of specimen 

corresponds with strain rate about hundredths s-1. In reality, however, materials are often subjected to much 

higher strain rates and their properties can change rapidly with rising strain rate. Material testing at high 

strain rates is important especially for materials that are used in applications where impact damage is 

probable, such as in pressure vessels, vehicles etc. At the moment, high strain rate testing is not 

standardized, however, several documents with recommended procedures exists even for sheet tensile 

testing (one of them is for example [1], but number of others can be found). 

What used to be very difficult or almost impossible were measurements of actual samples dimension in the 

course of tests and even local strain measurements. These measurements are possible at present with the 

use of laser extensometers allowing longitudinal and transversal strain measurements, videoextensometers, 

high speed cameras with sophisticated evaluation software and most recent Digital Image Correlation (DIC) 

systems that made it possible to measure local strains during tests. These new methods of strain evaluation 

applied on tests at high strain rate of hundreds s-1 provide results with high precision. 
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2. TENSILE TESTING AT HIGH STRAIN RATES 

As mentioned previously, tensile testing is standard, widely used method of obtaining data for description of 

material behaviour during its loading and damage. Recorded force versus displacement curves are further 

converted into true stress - true strain diagrams, that are later on used for material models parameters fitting. 

The force measurement is well established for most of realistic cases, but sample deformation or rather 

strain measurement is more complicated issue.  

Traditionally used mechanical extensometers attached to the sample can successfully measure longitudinal 

and transversal strains; however, their use at high strain rate testing is mostly impossible. Firstly, there often 

is not enough data acquired from the extensometer during the dynamic event, and secondly, dynamic test 

could be destructive to the extensometer itself.  

Especially for high strain rate testing, optical extensometers proved to be more suitable. There are two 

methods of optical measurement available for strain measurement - laser extensometers and video-

extensometers. As its name shows, laser extensometer uses laser beam that is reflected from sample 

surface or a marker and strain is evaluated in a way similar to that of mechanical extensometers. Video-

extensometers use images of the test specimen recorded by video-camera. Test specimen carries 

contrasting marks whose position in recorded images is analyzed and evaluated by supporting software 

either in real time or after the test. Basically, video-extensometer acts as a ‘strain meter’ by directly 

calculating the measured extension as a percentage of the original length; to obtain actual extension values 

it is necessary to provide some sort of calibration (methods of calibration are specific for any given system).  

Video-extensometer automatically measures the initial gauge length is at the start of a test with the same 

accuracy as the specimen extension during testing itself. Therefore, it is not essential to accurately control 

the initial gauge length as required when using conventional, mechanical measuring gauges. Also, as the 

setting of the initial gauge length can be (and most often is) done after the test itself, it is placed in such a 

way to contain the necking area. 

Latest development in the field of deformation measurements are methods that calculate and evaluate 

deformation on the whole recorded surface of the specimen - full field deformation measurements. One of 

such methods is Digital Image Correlation (DIC) method. The principle of Digital Image Correlation (DIC) 

method is known since 1970s ([2], [3] and many others). It is based on recognition of change in sequence of 

images. Stochastic pattern is applied on the surface of the specimen prior testing. The test itself is then 

recorded by one (2D in-plane deflection measurement) or two (3D) cameras. Under the load, the specimen is 

deformed and so is the applied pattern. Comparing the images, changes in the pattern are registered and 

displacements and strains are calculated. Systems based on this method enables measurements of either 

testing samples or real components.  

In years 2010 - 2012, within the project “Ductile damage parameters identification for nuclear power plants - 

FR-TI2/279” sponsored by Ministry of Industry and Trade of Czech Republic tensile tests at various strain 

rates were performed on specimen manufactured from, among others, Zirconium sheets. To reach widest 

possible range of strain rates, two testing machines were used during the testing; servo-hydraulic system 

MTS 810 (see a) was used for tests up to 300 mm∙s-1 loading velocity and impact tester IM30T (3 m high 

Drop Weight Tower - DWT, see Fig. 1b) where tests with impact velocity from 1000 to 5000 mm∙s-1 were 

performed. The same geometry of samples (see Fig. 1c) was used for all tests. Because the main interest 

was the moment of crack initiation, the samples were machined with round notches of various radii to 

concentrate the crack in specific area. All tests were recorded by high-speed camera and recorded images 

subsequently evaluated.  
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Fig. 1 a) system MTS 810, b) impact tester IM30T, c) geometry of sheet specimen 

2.1 Video-extensometer 

In the first batch of tests, done in 2011, the notches were of radius R = 1.25 mm, 1.50 mm and 1.75 mm and 

strain rates 0.03 mm∙s-1, 30 mm∙s-1, 300 mm∙s-1 and 1000 mm∙s-1. The software used for evaluation was 

ImpacqtV3, provided with the DWT. The strain measurement, in this case, is done the way of video-

extensometer. On the specimen, the initial gauge length is marked. In the software, two tracking points L1, 

L2 are placed automatically on a distinct pixel near the markers (see Fig. 2a). Position of the points is 

tracked from picture to picture by the software. In the same way, the changes in the sample’s width can be 

tracked for subsequent true stress - true strain calculations. The pink line used for calibration, as initial width 

of the sample was measured beforehand.  

  

Fig. 2a) Initial placement of tracking points, b) UTS and YS dependence on loading velocity 

 

The first tests proved that values of Ultimate Tensile Strength (UTS) and Yield Stress (YS) of sheet 

zirconium showed rising trend with higher strain rate. However, the video also showed that tested radii of 

notches were too small, as the fracture was initiated at the sides and not from the center of the sample, 

which was needed for further investigation. For this reason, second set of tests was performed. 
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2.2 Digital Image Correlation 

These tests were performed on samples without notch (R0) and notches of radii R = 5 mm, 10 mm and 

15 mm. Loading velocities were 2 mm∙s-1 (using MTS machine) and impact velocities 2000 mm∙s-1 and 

5000 mm∙s-1 using IM30T. The strain measurement was done using DIC method based ARAMIS system [4]. 

Because the tests are fast (ones to tens of milliseconds), the tests are recorded using high-speed camera. 

Recorded images are then uploaded to the evaluation software ARAMIS and calibrated (initial width of 

samples was measured pre-test using optical microscope). Values of UTS and YS confirmed the trend of 

rising with increasing loading velocity. The colour maps in Fig. 3 and Fig. 4 show the distribution of major 

strain (strain in direction of highest achieved strain) over the sample. The influence of the notch radius is 

clearly visible; while in Fig. 3 the crack is initiated from the sides of the sample and the resulting fracture is in 

typical 45° angle to the direction of major strain, the sample with 15 mm radius notch in Fig. 4 shows 

standard necking with crack initiated from the center of the sample. 

  

  

Fig. 3 Colour map of major strain of sample with radius R = 5 mm 

3.  CONCLUSION 

Precise strain measurement is the main problem of high strain rate testing. Optical measurement using high-

speed camera proved to be very suitable in tests of zirconium sheets described in this paper. Recorded 

images were evaluated using digital image correlation method resulting in precise measurement of sample 

elongation. Also, because all visible surface of the sample can be evaluated by DIC method, the map of local 

surface strains can be created. Combination of DIC and high strain rate testing promises the possibility to 

ensure highly precise input data for computer modeling and material behavior prediction. 
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Fig. 4 Colour map of major strain of sample with radius R = 15 mm 
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Abstract 

Glass samples were obtained by melting of oxide mixture SrO-Fe2O3-B2O3 at 1250 °C followed by rapid melt-

quenching on a rotary steel roller. Submicron-sized SrFe12O19 particles were formed in glass-ceramic matrix 

during crystallization of the glass by aging in a temperature range of 750 ÷ 850 °C. The submicron-sized 

hexaferrite powder was obtained in removing the matrix phases by etching. The samples were characterized 

by X-ray diffraction, scanning electron microscopy and magnetization measurements. The glass-ceramic 

material exhibits the very high coercivity - up to 520 kAm-1. The samples of magnets were prepared by 

pressing the hexaferrite powder at RT and subsequent aging at 900 ÷ 1250 °C. The coercive force of aged 

samples is up to 700 kAm-1.  

Keywords: Sr-ferrite, glass-ceramics, submicron-sized powder, coercive force  

1. INTRODUCTION  

Owing to adequate combination of sufficiently high magnetic properties, chemical stability and low cost, 

strontium hexaferrite is widely used as the material for permanent magnets. However, the coercive force (Нci) 

of the magnets usually does not exceed 320 kAm-1 [1, 2]. Nanocrystalline ferrites are produced by different 

procedures, such as chemical deposition, high-energy milling, crystallization of amorphous alloys [3, 4]. The 

SrFe12O19-based compounds are characterized by the high magneto-crystalline anisotropy and single easy 

magnetization axis. The highest coercivity was realized for monodomain, defect-free single-crystal particles 

whose size is D ~ 100 nm. The notable results were reached using the SrO-Fe2O3-Al2O3-B2O3-(Al2O3) glass 

crystallization and formation of perfect SrFe12O19 nanocrystals [5, 6].  

In the present paper, we report results of our investigation into the SrO-Fe2O3-B2O3 glass crystallization, 

hexaferrite powders and permanent magnets, which were prepared by pressing submicron-sized hexaferrite 

powders at RT and subsequent sintering at 900 ÷ 1250 °C.  

2. EXPERIMENTAL PROCEDURE  

Glass samples were obtained by melting of SrO-Fe2O3-B2O3 oxide mixtures at 1250 °C for 2 h and 

subsequent melt quenching on a rapidly rotating steel roller. Submicron-sized SrFe12O19 particles were 

formed in glass-ceramic matrix during the crystallization aging of the glass samples. The aging temperature 

(Tag) was 850 °C. The submicron-sized hexaferrite powder was obtained in removing the matrix phases by 

etching. The samples of the glass-ceramics (Tag = 850 °C, 2 h) were dissolved in diluted hydrochloric acid (3 

%). The remaining slurry was carefully rinsed with water and dried giving a hexaferrite powder. Submicron-

sized SrFe12O19 powders were pressed with a cubic shape up to a green density around 50 %, either in a 

magnetic field applied parallel or perpendicular to the compaction axis, or in the absence of magnetic field. 

Cubic samples were heated in air up to the temperature of aging in a range from 950 to 1250 °C and aged 

for 0.5 h.  

Phase identification was carried out by X-ray diffraction using CoKα radiation. Simplified Rietveld method was 
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used for quantitative phase analysis [7]. Microstructural observations were performed by scanning electron 

microscopy (SEM). Magnetic measurements were carried out on pressed and sintered samples of magnets, 

using hysteresis graph and vibrating sample magnetometer.  

3. RESULTS AND DISCUSSION  

The initial glass of composition 14SrO-6Fe2O3-12B2O3 demonstrated a paramagnetic behavior during 

magnetization and had an amorphous structure (Fig. 1).  

 

 

 
 

Fig. 1 X-ray diffraction pattern of glass sample  
 

After aging at 850 °C for 2 h, the formation of the SrFe12O19 (~ 30 vol.%) and the matrix SrB2O4 (~ 70 vol.%) 

phases takes place (Fig. 2).  

1

1

2

 

Fig. 2 XRD patterns of the glass-ceramic samples (Tag = 850 °C for 2h):  

before etching (curve 1), after etching the matrix phase (curve 2)  

 

Crystals of the SrFe12O19 phase appear as submicron-sized particles in the form of thick platelets uniformly 

distributed in the matrix. Fig. 3 shows SEM micrographs of the hexaferrite powder, which was obtained after 

removing the SrFe2O4 matrix phase. The aging temperature of glass-ceramic was 850 °C. The matrix phase 
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SrFe2O4 was dissolved during etching the glass-ceramic, whereas SrFe12O19 remains on the surface of the 

sample. The reached coercive force of prepared submicron-sized powders is Hci = 520 kAm-1. The high 

coercive force is related to the mono-domain nature of submicron-sized single-crystal SrFe12O19 particles 

and low concentration of crystal defects in them.  

 
 

Fig. 3 SEM micrographs of the hexaferrite powders: (a) sample after surface etching,  

(b) sample after complete etching the matrix phase (Tag = 850 °C)  

Strontium hexaferrite magnets from the 

submicron-sized powders were prepared by 

compacting of them at room temperature and 

subsequent aging at 950 ÷ 1250 °C for 0.5 h. After 

each step of aging, the samples were cooled to 

RT.  

Fig. 4 shows the aging-temperature dependences 

of the coercive force, remanence and density for 

aged samples. The maximum Hci of magnet equal 

to 700 kAm-1 was reached after aging at 1050 °C 

and Hci decreases to 520 kAm-1 after aging at 

1200 °C.  

 

 

 

 

 

 

 

 

 

 

Fig. 4 Properties of the magnets prepared by compacting the hexaferrite powder and subsequent aging as a 

function of the aging temperature  
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4. CONCLUSIONS  

Using controlled crystallization of the SrO-Fe2O3-B2O3 glass at 850 °C, glass-ceramic samples were 

prepared. The coercive force of glass-ceramic reaches values up to 520 kAm-1. The high coercivity is related 

to the mono-domain nature of submicron-sized single-crystal SrFe12O19 particles and low concentration of 

crystal defects in them. The submicron-sized hexaferrite powder was obtained in removing the matrix phases 

by etching. The coercivity of the magnets, which were prepared by pressing the submicron-sized powders 

followed by aging at 1050 °C, reaches 700 kAm-1. The results obtained for submicron-sized hexaferrite 

powders, pressed samples and sintered magnets show the good opening for manufacturing the high-

coercivity hexaferrite magnets.  
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Abstract 

The effect of high-pressure torsion (HPT) on the structure and magnetic properties of as-cast Nd9.5Fe84.5B6 

alloy was studied by X-ray diffraction analysis, differential thermal analysis, and magnetic measurements 

performed by a vibrating sample magnetometer. The results show that the material subjected to high-

pressure torsion consists of α-Fe and an amorphous phase, which can be transformed into Nd2Fe14B/α-Fe 

nanocomposite by subsequent annealing. The maximum coercivity of Hc = 360 Am-1 and (BH)max = 166 

kJm-3 were obtained by HPT using 20 revolutions. The parameters reached are higher than those of the 

initial sample by a factor of 20.  

Keywords: NdFeB alloy, high-pressure torsion, magnetic properties  

1. INTRODUCTION 

Nanocomposite Nd2Fe14B/α-Fe characterized by exchange coupling effect is attractive permanent magnet 

material because its theoretical maximum energy product (BH)max can be as high as 1000 kJ/m3. However, 

the maximum energy product (BH)max achieved experimentally is far less than that predicted theoretically [1].  

The microstructure of Nd2Fe14B/α-Fe plays an important role in the formation of its magnetic properties. 

Different techniques, in particular, ball milling, melt spinning etc. [2-5] were used to optimize microstructure 

and get the nanocrystalline state. The logic of these methods is to transform the material into a non-

equilibrium state, such as amorphous, and after subsequent annealing, owing to crystallization process, to 

realize the nanocrystalline state of material. In the present work, the HPT was used to transform the material 

into the non-equilibrium state.  

The aim of this work was to investigate the influence of plastic deformation on the structure and magnetic 

properties of as-cast Nd-Fe-B alloy.  

2. EXPERIMENTAL 

An as-cast alloy of Nd9.5Fe84.5B6 was used as the starting material. Samples with 0.5 mm thick and 8 mm in 

diameter were subjected to HPT at room temperature under a pressure of 9.5 GPa using 5, 10, 20 and 30 

revolutions. X-ray diffraction analysis was performed using a Siemens-D5000 diffractometer and Cu Kα 

radiation. The crystallization temperature of the samples was measured by DTA performed under an argon 

atmosphere during heating up to 900 °C at a heating rate of 10 °Cmin-1 (using a Linseis DTA PT1600 set 

up). All the samples were annealed at 600 °C for 20 min. To prevent the oxidation before annealing, each of 

the sample was sealed in a quartz tube, which was evacuated to 103 Pa and then filled with Ar. Magnetic 

measurements were carried out on a vibrating sample magnetometer (VSM) with a vibrating frequency of 40 

Hz and a peak amplitude of 2 mm. All the magnetic measurements were performed at room temperature in 

the applied fields up to 9 T.  

mailto:menushenkov@gmail.com
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3. RESULTS AND DISCUSSION  

Fig. 1 shows the XRD patterns for the as-cast alloy and samples subjected to HPT and characterized by four 

levels of deformation corresponding to 5, 10, 20 and 30 revolutions. It is seen that the starting powder 

(denoted by 0 rev in Fig. 1) is characterized by the presence of the tetragonal Nd2Fe14B phase and α-Fe. 

During HPT, the diffraction peaks exhibit the broadening and decrease in the intensity. However, no new 

peaks were observed. This fact suggests that the high-pressure torsion does not cause the formation of a 

new phase. All the samples are shown to become amorphous even after 5 revolutions. 

In order to determine the crystallization temperature, DTA analysis was carried out (Fig. 2) for 5 samples 

(with 0, 5, 10, 20 and 30 revolutions). Based on DTA analysis, annealing temperature for all the samples was 

chosen to be 600 °C (for 20 min).  

  
Fig. 1 XRD patterns of the as-cast Nd9.5Fe84.5B6 

alloy samples subjected to HPT at 0, 5, 10, 20 

and 30 revolutions 

 

Fig. 2 DTA curves for Nd9.5Fe84.5B6 samples 

subjected to HPT at 0, 5, 10, 20 and 30 

revolutions 

The XRD patterns of the samples subjected to HPT and subsequent annealing at 600 °C are shown in Fig. 

3. It is seen, that the diffraction peaks became narrower and exhibit an increase in the intensity.  

 
Fig. 3 XRD patterns of Nd9.5Fe84.5B6 samples subjected to HPT at 5, 10, 20 and 30 revolutions and 

subsequent annealed at 600 °C  

Fig. 4 shows the room temperature hysteresis loops of the Nd9.5Fe84.5B6 samples subjected to HPT under 

different conditions, which were measured in magnetic fields raining from - 5000 kAm-1 to 5000 kAm-1. As is 

seen, the maximum magnetization for all the samples is reached at ~ 150 emu/g. The maximum energy 

product for all the samples is an average of 166 kJm-3. The maximum coercivity of 360 kAm-1 was obtained 

after 20 revolutions. The correlations between the number of revolutions and magnetic properties are shown 

in Fig. 5. It is evident that the sample subjected to HPT at 20 revolutions has the best combination of 

coercivity and remanence. Fig. 6 represents the hysteresis loop of as-cast Nd9.5Fe84.5B6 alloy. The coercivity 

of as-cast alloy is 16 kAm-1. Thus, the performed treatments ensure the 20-fold increase in the coercivity.  
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Fig. 4 Room temperature hysteresis loops for Nd9.5Fe84.5B6 samples subjected to HPT at (a) 5, (b) 10, (c) 20, 

and (d) 30 revolutions and subsequent annealed at 600 °C 

 

 
 

Fig. 5 Variations of the remanence (Mr) and 

coercivity (Hc) of Nd9.5Fe84.5B6 samples subjected to 

HPT at different revolutions and annealed at 600 °C  

Fig. 6 Room temperature hysteresis loop of as-cast 

Nd9.5Fe84.5B6 sample  

CONCLUSION  

The XRD data show that the applied HPT at a pressure of 9.5 GPa and different numbers of revolutions 

transforms the as-cast material into the amorphous state. From this point of view, the samples after different 

degree of deformation look similar. A difference in magnetic properties can be found. In particular, the 
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sample after 20 revolutions shows the better magnetic properties (Hc = 360 kAm-1, Mr = 0.4 T) as compared 

to those of other samples. In meantime, the sample deformed at 5 revolutions exhibits the lowest 

characteristics, such as Hc = 168 kAm-1, Mr = 0.21 T, which are more than half as much those for the sample 

after 20 revolutions. It should be noted that the magnitudes Ms and (BH)max for all the samples are equal; 

these are 1.4 T and 164 kJm-3, respectively. In all cases, the Mr magnitude is more than half as much the 

Stoner-Wohlfarth value. That indicates that the grain size of α-Fe is higher than the critical grain size dcr (10 

÷ 20 nm) [1], which decreases the remanence magnitude. In some works [1], the substitution with Nb, Zr, Cr 

was used to hinder the grain growth of α-Fe during crystallization. The problem can be solved by another 

way, in particular, the annealing temperature and annealing time can be decreased.  
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Abstract 

AE21 magnesium alloy was prepared by extrusion followed by equal channel angular pressing (EX ECAP). 

The microstructure evolution, the mechanical properties evolution and corrosion resistance evolution was 

studied. The microstructure was observed by transmission electron microscopy (TEM). The corrosion 

resistance was evaluated by electrochemical impedance spectroscopy (EIS). The thermo-mechanical 

processing by ECAP led to substantial grain refinement that affected both the mechanical and corrosion 

properties. The yield strength was enhanced by ECAP up to two passes (2P) t, while for higher number of 

passes it declined. The corrosion resistance decreased between 0-2P and then saturated. The 

microstructural changes between each pass resulted in the evolution of the mechanical and corrosion 

properties. 

Keywords: magnesium, ECAP, extrusion, microstructure, yield strength 

1. INTRODUCTION 

In the modern industry there is a constant need for more fuel efficient vehicles. One way to fulfil this goal is 

to reduce the vehicle’s total weight. Magnesium as a light metal is therefore used in a wider range in order to 

replace as many parts as possible. The bio-industry is another today's application of magnesium. The main 

limitations of the magnesium and its alloys are the mechanical properties at elevated temperatures and the 

poor corrosion resistance. Many efforts have been taken to improve corrosion properties and several ways 

have been used to achieve better corrosion properties by coating, adding alloying elements and by the 

change of the microstructure [1-8]. In our previous paper we have discussed the different changes in 

corrosion properties in AE21 and AE42 magnesium alloys after eight passes through ECAP [9]. In this work 

the evolution of the corrosion properties in the AE21 magnesium alloy after different number of passes 

through ECAP is investigated. Moreover, we present the evolution of the mechanical properties are 

presented and the results are discussed with the microstructure changes between each state.  

2. EXPERIMENTAL PROCEDURE 

The examined magnesium alloy AE21 (2 wt.% of aluminum, 1 wt.% of rear earths mischmetal) were 

extruded at the temperature of T = 350 °C with the extrusion ratio ER = 22. Afterwards the specimens were 

machined to initial dimensions of 10×10×100 mm3. Both alloys underwent severe plastic deformation by the 

ECAP to a maximum equivalent strain of 8 [10] by 8 passes (8P) following route Bc. Molybdenum disulphide 

grease was used as a lubricant. Pressing of the AE21 alloy was performed at 180 °C at the ram speed of 50 

mm/min for all passes. The angle Θ between two intersecting channels and the corner angle Ψ of the die 

were 90° and 0°, respectively. 

The tensile deformation tests were performed by the deformation machine INSTRON 5882 at the room 

temperature with the strain rate of 10-3. The samples were machined from the billets with the deformation 

direction parallel to the extrusion and ECAP direction and then cut to the 1 mm thickness. 

mailto:peter.minarik@mff.cuni.cz
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Electrochemical characteristics were investigated by EIS in 0.1 M NaCl solution with the initial pH of 7 after 5 

minutes of stabilization. The samples were mechanically polished at 1200 emery papers before each EIS 

test. The characteristics were measured by a potentiostat/galvanostat Voltalab 10 (Radiometer-analytical 

SAS France) and a three-electrode set-up. Addition rotation of 1000 rpm of the specimen was introduced to 

ensure better homogeneity of the measurement. Measured data of the EIS tests were evaluated by EC-Lab 

V10 demo software (Bio-Logic SAS France). EIS tests were executed at room temperature from 100 kHz to 

20 mHz with 10 mV amplitude with respect to the open circuit potential. At least three measurements were 

performed for each sample. The details of EIS measurements are described elsewhere [10].  

Microstructure development after ECAP pressing was studied by TEM on the extruded AE21 alloy. 

Specimens were cut from the middle area of the billets perpendicular to the direction of ECAP. Each slice 

was mechanically polished and finally the foils were ion-polished using Precision Ion Polishing System 

(PIPS) at 4 kV. All micrographs were taken in the bright field. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Mechanical properties of the alloy were evaluated by tensile deformation tests. Dependence of the yield 

stress at 0.2 % offset strain (0.2) and the maximum stress (max) on the number of ECAP passes is 

presented in Fig. 1a and 1b, respectively. Values of 0.2 and max are also presented in Table 1. It is 

apparent that the maximum stress decreased between 4 and 8 ECAP passes but the yield strength started 

to decrease already after 2 ECAP passes. The yield stress also increases until the second ECAP pass.  

Similar evolution was already observed in other magnesium alloys such as AZ31 [11] processed by ECAP. 

The character of the yield strength dependence was attributed to the evolution of the texture and dislocation 

density.  

Table 1 Values of 0.2 and max of AE21 alloy after various numbers of ECAP passes 

The microstructure of the AE21 alloy after the extrusion consisted of 

grains of ~ 4 ÷ 5 m and the grain size was substantially reduced by 

the ECAP to ~ 1 ÷ 2 m. The grains in the as extruded state were 

recrystallized with small number of dislocations, as shown in Fig. 2a. 

After 1 ECAP pass the microstructure was highly inhomogeneous. 

The size of grains/subgrains was ~ 2 ÷ 3 m (Fig. 2b). All 

grains/subgrains contained high number of dislocations. The 

dislocation tangles in grains rearranged and subsequently started to 

form dislocation cells and subgrains. The microstructure after two 

passes was also highly inhomogeneous, but subgrain boundaries 

started to be more pronounced. The average grain/subgrain size 

was ~ 1 ÷ 2 m (Fig. 2c). The microstructure after 4 passes 

consisted of 50 ÷ 60 % zones with predominant dislocation tangles with no substructure and of 40 ÷ 50 % of 

subgrains of average size of 1 m with high density of dislocations, as presented in Fig. 2d. Only 

exceptionally grains with high angle grain boundaries were found. The microstructure after 8 passes was 

formed by grains with high degree of misorientation. The structure was formed by grains of ~ 1 ÷ 2mm (Fig. 

2e). Several grains contained many dislocations while the others with high angle grain boundaries were 

almost dislocation free. In all studied conditions particles containing aluminium, lanthanum, cerium and 

neodymium were found. Particles have different sizes (1 ÷ 10 m) and according to SEM observations their 

size was reduced for more ECAP passes and the distribution was more spread out (not shown here, see [9]). 

Micrograph of such particles found in AE21-8P specimen is displayed as Fig. 2f. These particles were 

identified by EDX as Al11RE3 with approximately 2 ÷ 3 m in size. 

 
0.2 

[MPa]
max [MPa] 

AE21-0P 
178 ± 

09 
309 ± 15 

AE21-1P 
210 ± 

10 
296 ± 15 

AE21-2P 
214 ± 

11 
296 ± 15 

AE21-4P 
172 ± 

09 
322 ± 16 

AE21-8P 
127 ± 

06 
220 ± 11
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Fig 1 Dependence of the yield stress (a) and maximum stress (b) on the number of ECAP passes in AE21 

alloy 

Table 2 Average values of polarization resistance RP in AE21 alloy 

 

 

 

 

 

 

 

The corrosion resistance of the AE21 alloy was studied by EIS and the resulting values of the polarization 

resistance (RP) are presented as Table 2 and in Fig. 3. The method of the RP evaluation is presented 

elsewhere [12]. It is apparent that AE21 alloy deformed by the higher number of passes, loses its corrosion 

resistance in the solution with the pH of 7. The decrease of the corrosion resistance saturated after 2P and 

the values of RP were approximately identical. The different surface structure after grinding before each 

measurement is the main source of statistical errors. The results of the present papers shows that corrosion 

resistance is highly dependent on the grain size, the dislocation density, texture, secondary phases 

distribution, alloying elements and residual stress, e.g. [12] and citations herein. The effect of the different 

microstructure produced by 8 passes through ECAP in AE21 and AE42 alloys was already discussed in our 

previous paper [10], where we have explained the lower corrosion resistance (of the AE21 alloy after eight 

passes) by the lower grain size. The micrographs (Fig 2a-e) show that the grain size decreased between 0  

÷ 2 passes and then saturated. In the state after 4P the grains/subgrains were slightly smaller (about ~1 m), 

but more than half of the structure was formed by dislocation tangles with no substructure, which also 

resulted in the higher statistical error of the polarization resistance. The evolution of the microstructure 

corresponds to the evolution of the polarization resistance, and therefore supports our previous assumption. 

 RP [.cm-2] 

0P 135 ± 13 

1P 117 ± 11 

2P 105 ± 10 

4P 104 ± 17 

8P 103 ± 11 

  

Fig 3 Dependence of the polarization 

resistance RP on the number of ECAP 

passes in AE21 alloy 
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Fig 2 TEM micrograph of AE21 alloy in the state 0P(a), 1P(b), 2P(c), 4P(d), 8P(e), 8P (Al11RE3 particles)(f) 

a) b) 

c) d) 

e) f) 
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4. CONCLUSIONS 

The microstructure and the mechanical and corrosion properties of the commercial AE21 magnesium alloy 

were studied in this work. Several conclusions may be drawn from this investigation: 

 The evolution of the yield strength showed the similar character as in other Mg alloys. 

 The grain size was reduced up to two passes of ECAP and then saturated. 

 The polarization resistance decreased during first two passes and then saturated. This is an evidence 

of the fact, that the corrosion resistance in the AE21 magnesium alloy is dependent on the grain size. 
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Abstract  

The influence of the strain rate on the occurrence of plastic instabilities in a cold-rolled AlMg4.5Mn sheet was 

studied. Heat treated samples were uniaxially loaded in tension at various strain rates and at room 

temperature (RT). The results are discussed using concurrent acoustic emission (AE) monitoring during 

mechanical testing and the AE parameters are correlated to the microstructure and to the stress-strain 

curves in order to better understand the patterns of plastic deformation. All samples exhibited a Lüders band 

(LB) propagation, which was followed by the Portevin-Le Chatelier (PLC) effect of C, B or A+B band 

propagation types, dependently on the applied strain rate. Difference in dislocation dynamics of both LB and 

PLC phenomena is also revealed using the AE analysis. The formation of LB produces continuous AE 

signals with relative low amplitudes and high AE count rates. The occurrence of the PLC effect is manifested 

by burst AE signals with high amplitudes and lower AE count rates by comparison to LB. 

Keywords: plastic instabilities, acoustic emission, Portevin-Le Chatelier effect, Lüders bands 

1. INTRODUCTION 

The AlMg alloys belong to prospective structural materials which are used in transportation, aircraft or marine 

industry. To improve the reliability of the machine parts produced from these alloys, it is required to 

understand the degradation processes which can occur during their fabrication and service. A number of 

industrially important AlMg alloys evolve characteristic striations on the surface due to instable fashion of 

plastic deformation in form of localized deformation bands. The occurrence of deformation bands 

significantly influences not only the surface quality but also the mechanical properties of the material [1,2]. In 

annealed samples, localized slip bands, also known as Lüders bands (LB), occur at the yield point. LB can 

be followed by the Portevin-Le Chatelier (PLC) effect if the material is deformed at suitable temperature or 

strain rate [1]. The PLC effect manifests as a macroscopic, spatio-temporal instability and a negative strain 

rate sensitivity of the deformation stress. Macroscopically, repeated stress fluctuations on deformation 

curves appear, which corresponds to large and localized events of plastic deformation in the material. The 

serrations reflect cooperative character of dislocation motion during plastic deformation [2, 3]. The moving 

dislocations can be temporarily arrested at various obstacles. During the waiting at obstacles, solute atoms 

are redistributed along dislocation lines and cause additional strengthening. Under increasing stress, the 

stopped dislocations can abruptly breakaway from the solute atmospheres and the obstacles and move until 

they are again locked at other obstacles. This process of repeated hardening and softening is referred to 

DSA - dynamic strain aging [2]. 

According to temperature or applied strain rate, different types of PLC deformation bands can be observed. 

These PLC bands are assigned as type A, B or C. The C bands are randomly nucleated and exhibit no 

propagation, which corresponds to serrations with a certain amplitude and frequency. The B type bands 

exhibit an intermittent, hopping propagation along the specimen’s axis and produce irregular serrations on 

the stress-strain curve. The continuously propagating A bands cause small irregular stress drops. The A type 

band usually occurs at higher strain rates while lower strain rates are associated with the C type of the band. 

The B type emerges at an intermediate level of the strain rate. The temperature has an opposite effect on 

the occurrence of the band types. At higher temperatures the C type and at lower temperatures the A type of 

the bands arise [2]. The macroscopically observed pattern of the PLC effect is the strain localization in form 
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of bands, which are usually few millimetres wide and inclined at 50 ÷ 55° to the specimens’ axis. The A and 

B type of bands move usually from one end of the sample head to the other during straining. Each stress 

drop on the tensile curve is associated with nucleation and rapid movement of these localized bands [2]. 

The acoustic emission (AE) technique is a non-destructive method based on the detection of elastic waves 

which are produced by a rapid release of energy due to irreversible changes within the material. Scruby et al. 

[4] have shown theoretically that a collective motion of dislocations is necessary to produce a detectable AE 

pulse. AE is therefore a powerful tool to study dislocation processes occurring in deformed metallic materials.  

In the present paper the occurrence of plastic instabilities as a function of the applied strain rate was 

investigated. The dislocation dynamics during tensile tests was explored by the AE technique. 

2. EXPERIMENTAL PROCEDURE 

Tensile specimens with a gauge of 120 x 20.5 x 1.15 mm and with deformation axis oriented either parallel 

or at 45° to the rolling direction (RD) were prepared from a cold rolled AlMg4.5Mn (5182) sheet. The 

specimens were homogenized for 2 h at 400 °C and quenched into water. The average grain size was of 10 

µm and the grains did not show any preferred orientation (texture). Uniaxial tensile tests were performed in a 

universal testing machine Instron 1195 at room temperature and at a constant cross-head speed varied from 

10-5 to 10-3 s-1. The sampling frequency of the testing machine was 20 Hz. The computer-controlled DAKEL-

XEDO-3 and DAKEL-IPL-4 (producer DAKEL-ZD Rpety, Czech Republic) AE systems were used to monitor 

AE on basis of the threshold level detection. A miniaturized piezoelectric transducer MICRO 2006 (DAKEL-

ZD Rpety), diameter 3.4 mm, frequency band 100 ÷ 600 kHz, sensitivity 55 dB ref. 1 Vef) was attached to the 

specimen surface. The total gain was 90 dB. The threshold voltage for the AE count was 302 mV. The 

DAKEL-IPL-4 system allows continuous storage of AE signals with 2 MHz sampling frequency in four 

channels with different gains to eliminate the omissions/overflows of recorded data. 

3. RESULTS 

Fig. 1 shows the stress-strain curves for three different strain rates. All curves exhibit a plateau followed 

almost immediately by the PLC effect. At the lowest strain rate (10-5 s-1), the C-type of the PLC effect, 

manifested by large amplitudes of serrations on the deformation curve, was observed. At higher strain rate 

(10-4 s-1), more irregular serrations with smaller amplitude, by comparison to the strain rate of 10-5 s-1, were 

identified on deformation curve, which corresponds to the B-type of the PLC effect. At the highest strain rate 

(10-3 s-1) the PLC effect starts as the B type and, subsequently, exhibits a distinct transition to the A-type. 

The correlation of the stress-time curve with the AE count rate for the sample deformed at the strain rate of 

10-5 s-1 is presented in Fig. 2. A strong AE activity at the beginning of plastic deformation and with a peak 

correlated with the plateau on the deformation curve was observed. Thereafter, the total AE activity gradually 

decreases with increasing strain but several large burst AE signals occur, corresponding to distinct stress 

fluctuations on the deformation curve. The same tendency in the AE response was observed for specimens 

deformed at the other strain rates. To study the correlation of the AE response and the stress fluctuations in 

detail, two sections D1 and D2, taken from Fig. 2a (selected areas are marked by arrows), are presented in 

Fig. 2 (b, c). It can be seen, that the AE response can be correlated very precisely with the stress drops on 

the deformation curve. Certain AE activity is also detected between two successive load drops, where very 

fine serrations appear on the deformation curve (see D1 and D2 in Fig. 2). 
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Fig. 1 Stress-strain curves of the AlMg4.5Mn alloy measured at room temperature and at various strain 

rates. The deformation curves are shifted by 20 MPa for better visibility 

  

Fig. 2 The stress-time curve correlated with the acoustic emission count rate for the specimen deformed at 

10-5 s-1 a) the entire curve b) detail D1, c) detail D2 

a) 

b) c) 

   0   0.1   0.2  0.3 
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a) 

The serrations occurring due to the Lüders band propagation (Fig. 2b) exhibit higher frequency of their 

occurrence by comparison to those which are linked with the PLC bands propagation (Fig. 2c). 

Two AE events, extracted from the AE data streaming for the sample deformed at 10-3 s-1, are shown in Fig. 

3. The first AE event (Fig. 3a) was recorded during the Lüders band propagation. The AE signal is 

continuous with relatively small amplitudes. The second AE event (Fig. 3b) was taken during the occurrence 

of the PLC serrations. The AE event is composed by burst AE signals with high amplitude and relatively 

short rise time (time to reach the maximum amplitude of the AE event). 

Fig. 3 The AE signal for the sample deformed at 10-3 s-1 during a) the Lüders band propagation b) the PLC 

effect 

4. DISCUSSION 

The deformation curves correlate very well with the AE response as can be clearly seen in Fig. 2. The stress 

drops are accompanied by relatively large AE count rates.  

At the early beginning of the deformation, relatively intense AE is detected. It indicates that plastic 

deformation is first realised by collective dislocation motion in grains favourably oriented for dislocation slip 

[6]. The ongoing propagation of the Lüders band (plateau on deformation curve) through the sample gauge 

indicates a low initial density of mobile dislocations in annealed and quenched alloy. This process is 

associated with unpinning of dislocations from their solute atmospheres formed during previous static aging. 

The multiplication of the dislocations is an excellent AE source [6] as can be also seen from the large AE 

count rates in this stage of plastic deformation. The subsequent decrease of the AE count rate after the yield 

point can be ascribed to the increasing density of sessile dislocations which reduces the flight distance and 

the free length of moving dislocations. 

The AE signal presented in Fig. 3a indicates that the Lüders phenomenon produces continuous AE signal 

with low amplitudes and consisting of superimposed AE bursts. The Lüders band propagation might be 

explained by a concept of dislocation avalanche resulting from simultaneous activation of fresh dislocation 

sources in yet undeformed material [7]. 

The Lüders phenomenon is followed by the PLC effect, which is governed by dynamic strain aging of 

dislocations. The dislocation groups are formed due to an increasing local overstress which depends on the 

applied strain rate. At lower strain rate the dislocation bands are randomly nucleated and have large 

amplitudes of serrations. It can be explained by the occurrence of micro avalanches of dislocations, whereby 

many smaller dislocation groups can break away before the motion of the whole band is initiated. Therefore, 

very small serrations preceding the “main” serration on deformation curve can be seen in Fig. 2 (details D1 

and D2). Similar behaviour was presented in [8-10]. 

b) a) 
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The PLC effect exhibits a discontinuous AE response with a short rise time and high signal amplitudes. It is 

caused by the jerky motion of large dislocation groups. With the increasing strain, the density of sessile 

dislocations in deformation bands increases and the AE count rate decreases correspondingly. 

5. CONCLUSION 

The plastic instabilities in an AlMg4.5Mn alloy have been investigated by the acoustic emission technique. 

The alloy exhibited the Lüders phenomenon followed by the PLC effect of C, B or B+A type according to the 

applied strain rate. 

The results show that the two phenomena are caused by different dislocation mechanisms. The Lüders 

phenomenon produces continuous AE signal and can be explained by the simultaneous and rather 

uncorrelated activation of many dislocation sources.  

The PLC effect is characteristic of the nucleation and propagation of deformation bands. The AE signal 

consists of events well separated in time. Furthermore, very small serrations preceding the “main” serration 

on deformation curve are observed. They can be explained by the occurrence of micro avalanches of 

dislocations, whereby many smaller dislocation groups can break away before the motion of the whole band 

is initiated. 
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Abstract  

The Al-Cu-Fe system is known to contain quasi-crystalline phase which was reported by many scientists as 

the stable phase. In this work, the effect of the processing conditions on the formation of quasi-crystals and 

other intermetallics in this system was studied. The experimental alloys were prepared by casting, melt 

spinning and SHS (Self-propagating High-temperature Synthesis) methods. It was found that the increase of 

the cooling rate promotes formation of the Al60Cu30Fe10 quasi-crystalline phase. The thermal stability of the 

quasi-crystals was studied by annealing of the alloys at 300 and 500°C. 

Keywords: quasi-crystal, aluminium, melt spinning, thermal stability 

1. INTRODUCTION 

Quasi-crystals were discovered in 1982 by Daniel Schechtman, who was awarded by Nobel Prize in 2011 

[1]. Since this date, the quasi-crystals were found in more than 100 alloy systems during rapid solidification, 

e.g. in aluminium alloys with transition metals. In general, currently known quasi-crystals can be divided into 

two groups - metastable quasi-crystals, obtainable by rapid solidification only [2], and stable ones, which 

arise also during conventional solidification or after annealing [3]. The Al-Cu-Fe quasi-crystals, which are 

investigated in this work, belong to the stable ones [4]. 

In this work, formation of intermetallic phases was studied in Al-Cu-Fe alloys prepared by rapid solidification - 

melt spinning. As reference material, Al-Cu-Fe alloy was also prepared by SHS method. This method 

comprises rapid heating of the compressed powder mixture. During heating, thermally-activated exothermic 

reactions occur. The released heat sustains and propagates further reaction through the body of the 

reactants. Therefore, this process is commonly called Self-propagating High-Temperature Synthesis (SHS) 

[5]. This method was chosen due to the fact that reactions between metallic powders usually produce large 

amount of heat. It can be expected that if the sample is quenched from the temperature generated by the 

reactions, higher heating rates can be achieved.   

2. EXPERIMENTAL 

Experimental materials containing Al-Cu-Fe quasi-crystals were prepared by reactive sintering powder 

metallurgy using SHS reaction in this work. Two kinds of Al-Cu-Fe alloys were studied. The first one was the 

AlFe7Cu4 alloy (in wt.%), prepared by both casting and melt spinning to determine the effect of the cooling 

rate on formation of intermetallics. Melting of the alloy was carried out in a vacuum induction furnace. The 

molten alloy was cast to the mould of 20 mm in diameter. Rapidly solidified ribbons of this alloy were 

prepared by melt spinning with circumferential speed of cooling wheel of 20 m/s. The as-prepared samples 

have the shape of a long ribbon with a width of ≈ 5 mm and a thickness of ≈ 0.1 mm. 

The second type of the material was the AlCu47Fe13 alloy (in wt.%) prepared by SHS method. The process 

consisted of blending of elemental powders of aluminium (particle size < 400 µm, 99.99 % purity), iron 

(particle size < 10 µm, 99.8 % purity) and copper (particle size < 10 µm, purity > 99.99 %) and uniaxial 

pressing at the laboratory temperature by a pressure of 260 MPa using LabTest 5.250SP1-VM universal 
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loading machine. Compressed powder mixtures were subjected to SHS at 700 °C for 15 min. Two cooling 

regimes from the reaction temperature were tested - air cooling and water quenching. 

The samples were characterized by X-ray diffraction analysis (PANalytical X’Pert Pro diffractometer) and 

microstructure observation (scanning electron microscope TESCAN VEGA 3 LMU with OXFORD 

Instruments INCA 350 EDS analyser) To observe the microstructure, the samples were ground, polished and 

etched using Kroll’s agent (10 ml HF, 5 ml HNO3 and 85 ml H2O). Thermal stability of the experimental 

materials was studied by annealing at 300 and 500 °C for 4 ÷ 40 h. After annealing, phase composition and 

microstructure were evaluated 

3. RESULTS AND DISCUSSION 

Microstructure of the AlFe7Cu4 alloy in the as-cast state is presented in Fig. 1a. This alloy is composed of a 

solid solution of alloying elements in aluminium (marked as “Al”) and coarse particles of Al13Fe4 (also 

presented as FeAl3 [6]) and CuAl2 intermetallic phases. Finer Al23CuFe4 phase particles can be also 

recognized in this material. No quasi-crystalline phases were identified in this cast alloy by XRD (Table 1). 

The same alloy prepared by melt spinning contains Al-based solid solution and Al23CuFe4 stable intermetallic 

phase together with the Al60Cu30Fe10 quasi-crystals (Table 1). It indicates that the increase of the cooling rate 

supports formation of Al-Cu-Fe quasi-crystals. This result is in disagreement with the published results 

showing that this phase was obtained even by long-term annealing [4]. 

  

Fig. 1 Microstructure (SEM) of the AlFe7Cu4 alloy prepared by  

a) casting, b) melt spinning 

Since the phases in the quasi-crystal-containing melt-spun AlFe7Cu4 alloy are not easily distinguishable, the 

next part of the work aimed to prepare the material with higher amount of coarser quasi-crystalline phase. 

For this purpose, the SHS method was tested. This method was chosen due to the fact that reactions 

between metallic powders usually produce large amount of heat. When the sample is quenched from the 

temperature generated by the reactions, higher heating rates can be achieved. For these experiments, 

AlCu47Fe13 alloy was chosen, since its composition is equal to pure Al60Cu30Fe10 quasi-crystalline phase. 

After SHS process followed by air cooling, Al7Cu2Fe, CuAl2, Al13Fe4 and small amount of Al60Cu30Fe10 phase 

were determined, see Table 1 and Fig. 2a. In addition, unreacted aluminium, copper and iron were identified 

locally. 
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Table 1 Phase composition of prepared alloys 

Sample Phase composition 

AlFe7Cu4 - as-cast Al, CuAl2, Al23CuFe4, Al13Fe4 

AlFe7Cu4 - melt spinning Al, Al23CuFe4, Al60Cu30Fe10 

AlCu47Fe13, SHS, air-cooled Al7Cu2Fe, CuAl2, Al13Fe4, Al60Cu30Fe10, (Al, Cu, Fe) 

AlCu47Fe13, SHS, water-cooled Al60Cu30Fe10, CuAl2, Al7Cu2Fe, Al13Fe4, (Al, Cu, Fe) 

Water cooling of the initiated reaction mixture results in formation of Al60Cu30Fe10 quasi-crystal-rich material 

also containing CuAl2, Al7Cu2Fe, Al13Fe4 and unreacted initial components (see Table 1 and Fig. 2b). It 

confirms the above statement that the formation of quasi-crystals in this system strongly depends on the 

cooling rate.  

  

Fig. 2 Microstructure (SEM) of the AlCu47Fe13 alloy prepared by SHS and  

a) air cooling, b) water cooling 

The thermal stability of the phases was studied by observation of the microstructure after annealing at 300 

and 500 °C. During annealing at 300 °C, no significant decomposition of the Al60Cu30Fe10 was observed 

either in melt spun AlFe7Cu4 or in SHS-prepared AlCu47Fe13 alloys, see Figs. 3a,b and Table 2. On the 

other hand, annealing at 500°C leads to coarsening of the Al60Cu30Fe10 quasi-crystal clusters in SHS product 

and to their decomposition to Al7Cu2Fe and CuAl2 stable phases in both studied materials (Table 2, Figs. 

3c,d). 

Table 2 Phase composition of annealed samples 

Sample Annealing Phase composition 

AlFe7Cu4 - melt spinning  300 °C, 4 h Al, Al23CuFe4, Al60Cu30Fe10 

AlFe7Cu4 - melt spinning  500 °C, 4 h Al, CuAl2, Al23CuFe4, Al7Cu2Fe 

AlCu47Fe13 - SHS, water-cooled 300 °C, 4 h Al60Cu30Fe10, CuAl2, Al7Cu2Fe, Al13Fe4, (Al, Cu, Fe) 

AlCu47Fe13 - SHS, water-cooled  300 °C, 40 h Al60Cu30Fe10, CuAl2, Al7Cu2Fe, Al13Fe4, (Al, Cu, Fe) 

AlCu47Fe13 - SHS, water-cooled  500 °C, 4 h Al7Cu2Fe, Al60Cu30Fe10, CuAl2, Al13Fe4, (Al, Cu, Fe) 

AlCu47Fe13 - SHS, water-cooled  500 °C, 40 h Al7Cu2Fe, Al60Cu30Fe10, CuAl2, Al13Fe4, (Al, Cu, Fe) 
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Fig. 3 Microstructure (SEM) of the AlCu47Fe13 alloy prepared by SHS and annealed at  

a) 300 °C for 4 h, b) 300 °C for 40 h, c) 500 °C for 4 h and d) 500 °C for 40 h 

4. CONCLUSION 

In this work, AlFe7Cu4 and AlCu47Fe13 alloys containing Al60Cu30Fe10 quasi-crystalline phase were 

prepared by melt spinning and SHS, respectively. It was found that higher cooling rates promote formation of 

Al-Cu-Fe quasi-crystals, even though they are reported as stable ones. Due to high volume fraction of the 

Al60Cu30Fe10 clusters and their size up to 20 µm, the material prepared by SHS and subsequent water 

quenching can serve as a model for the description of the behaviour of quasi-crystals e.g. at elevated 

temperature. The thermal stability of Al60Cu30Fe10 phase, which is reported as stable quasi-crystal, was 

tested at 300 and 500 °C. No significant changes of this phase were observed at 300 °C, while annealing at 

500 °C caused the continuous decomposition of the Al60Cu30Fe10 quasi-crystals to Al7Cu2Fe and CuAl2 stable 

phases. 
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Abstract 

At room temperatures, the bronzes with about 10 wt.% Al have an equilibrium microstructure composed from 

„α” aluminum solid solution in copper and from the eutectoid “α+γ” (γ being the compound Cu32Al19). The 

nickel presence improves the mechanical properties and wear resistance both at low and high (500 ÷ 600°C) 

temperatures. The iron presence lead to grain finishing, improvement of mechanical properties and 

increased antifriction qualities. The alloys with 9 ÷ 11 wt.% Al and addition of Ni, Fe, Mn could be hardened 

by two heat treatments: quenching and aging through dispersion.  

Keywords: special bronze alloys, heat treatment, cavitation, characteristic curves, vibratory test facility 

1.  INTRODUCTION  

Identifying and developing solutions to increase the life of the machine components operating in cavitation 

regime, functional components with enhanced reliability in the water, has forced researchers to focus their 

studies to analysis of materials both in terms of resistance to cavitation, erosion as well as in terms of 

phenomena that occur in the structure of the material by cavitation attack [1], [5]. New orientation of 

cavitation erosion research is to identify the mechanisms that cause changes at micro aspect and 

establishing manufacturing technologies of materials component structure and physico-mechanical 

characteristics are able to confer resistance to cavitation attack [5].  

Changing properties of the surface layer by volume heat treatment by classical annealing, laser surface 

treatment and ion implantation can lead to increased approximately 2-3 times the cavitation incubation 

period, so its delay the appeared time [6]. Materials with crystalline structure with faces centered are 

isotropic and less sensitive to strain rate increase. The good behaviour is observed for nickel and copper and 

the lower is for aluminium [2], [3]. Depending on the composition and thermal regime, copper alloys can be 

single phase or multiphase. Copper alloys are composed of phase α, and the phase β, or phase combination 

of α and β or solid solution and dispersed products. Phase α is plastic and has a low strength in cavitation 

corrosion process. Phase β is hard and a plastic behaviour lower. Percentage growth of β phase has the 

effect the cavitation improvement. The main objective studied in experimental testing had the focused the 

optimal region identification of heat treatment to obtain the improvement in cavitational process for brass 

alloys. 

2. APPARATUS AND RESEARCH METHOD, MATERIAL INVESTIGATION  

The cavitation tests were conducted in accordance with ASTM G32-2010 norms, using an ultrasonic vibrator 

device [6]. The work medium was normal water with a temperature kept at 22 ± 1°C, with refrigeration 

equipment. After cavitation the samples were dried in hot air current and stored in exsiccator. The ultrasound 

equipment was designed for a processing frequency of 20 kHz ± 200 Hz, with a micro-vibration amplitude of 

50 ± 2 µm. Were tested a range of three specimens of each type of material, the version without and with 

heat treatment. The specimens were performed as prescribed with a super finished surface with roughness 

of Ra = 0.2 ÷ 0.8 µm. The total duration of exposure was 165 min, with intervals of 5 min, 10 min and 10 

intervals of 15 minutes each. After each interval the specimens were weighed to an accuracy of five decimal 
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places, determine the mass loss by erosion cavitation, the average depth of erosion (MDE) and also erosion 

rate (MDER). The cavitation erosion surfaces were investigated using the optical microscope and also 

scanning microscope SEM. In Tables 1 and 2 are presented the mechanical properties and chemical 

composition for naval brass investigated. The chemical composition was obtained with X-ray INNOV-X-

SYSTEMS spectrometer.  

Table 1 Chemical composition of alloys 

Accompanying and alloying elements (wt.%) 

Material Al Fe Ni Mn Cu Si Mo Pb 

AMPCO 45 11.19 3.6 4.61 0.66 79.16 0.69 0.0306 0.0490 

AMCO M4 12.01 5.12 4.83 0.84 76.41 0.7 0.0169 0.0469 

Table 2 Mechanical properties of alloys 

Mechanical properties 

Material 
Rm 

[MPa] 

Rp0,5 

[MPa] 

A5 

[%] 
HB30 HRB RCM 

E 

[GPa] 



[g/cm3] 

AMPCO 45 814 512 15 228 98 483 117 7.53 

AMCO M4 1000 793 8 286 29 538 124 7.45 

The data from Tables 1 and 2 showed that the brass AMCO M4, with high percent of Ni, Al and Mn, has the 

superior mechanical properties which can lead to high cavitation strength. 

3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

From bars laminate were performed cylindrical specimens according to ASTM G32-2010 norm, which were 

supposed to heat treatment quenching at variable temperature of 890 and 860 °C with cooling in water and 

Recovery at 520 and 480 °C, with cooling in air, according Fig. 1. 

 
Fig. 1 Thermal treatment with quenching followed by recovery 

The alloy microstructures after heat treatment are presented in Fig. 2 - material AMCO 45 and in Fig. 3 - 

material AMCO M4. 

T [°C] 
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The specimens were tested at ultrasonic cavitation erosion, the loss of mass were determined by analytical 

balance with accuracy of 0.01 mg. The eroded surfaces by ultrasonic cavitation 165 minutes were assessed 

by optical microscopy and scanning electron microscopy. Time evolution of cavitation degradation, 

evidenced by optical microscopy and digital images are presented in Fig. 4 for AMCO 45 alloy without heat 

treatment and heat treatment, respectively, in Fig. 5. 

 

Fig. 4 Optical microscopy of cavitation damage of material AMCO 45 without heat treatment 

 

 

Fig. 5 Optical microscopy of cavitation damage of material AMCO 45 with heat treatment  

Fig. 2 Quenching 890 C / water + Recovery 520 C / air 

520C / air (x350) 

 

Fig. 3 Quenching 860C / water + Recovery 480 C / air 

520C / air (x350) 
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For a clearer image of cavitation erosion evolution for AMPCO 45 alloy in these two situations without 

heat treatment and with heat treatment, laboratory data obtained were processed statistically 

representing the dispersion bands using error the estimated and the regression polynomial curve. 

These representations illustrated in Fig. 6, using the cumulative mass loss M (average of three 

samples) and for the rate of erosion (v) were obtained for AMPCO 45 alloy without heat treatment 

Fig. 6A and 6B with heat treatment.  

  

Fig. 6 A Mass loss variation and erosion rate variation with cavitation time in minute, AMPCO 45, without heat 

treatment 

  

Fig 6 B Mass loss variation and erosion rate variation with cavitation time AMPCO 45, with heat treatment 

 

Ultrasound cavitation damage time evolution, for AMCO M4 alloy heat treated are presented in Images 7 

with optical microscopy representation, and also for AMCO M4 without heat treatment in Fig. 8. 

 

 

 

 

Fig. 7 Optical microscopy of cavitation damage of material AMCO M4 without heat treatment 

For a clearer image of cavitation erosion evolution for AMCO M4 alloy in these two situations without heat 

treatment and with heat treatment, laboratory data obtained were processed statistically representing the 

dispersion bands using error the estimated and the regression polynomial curve. These representations 
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illustrated in Figure 9, using the cumulative mass loss M (average of three samples) and for the rate of 

erosion (v) were obtained for AMCO M4 alloy without heat treatment Figure 9A and 9B with heat treatment. 

 

 

   

Fig. 8 Optical microscopy of cavitation damage of material AMCO M4 with heat treatment 

 

Fig. 9A Mass loss variation and erosion rate variation with cavitation time in minute, AMCO M4, without heat treatment 

 

Fig 9B Mass loss variation and erosion rate variation with cavitation time AMCO M4, with heat treatment 

Investigations of energy dispersion X-ray (EDX) conducted for these two alloys tested in erosion cavitational 

shows a decrease in aluminum concentration analyzed surfaces due to compounds expulsion during 

cavitation process. AMCO 45 alloy without heat treatment had a loss of aluminum percentage in the central 

zone from 11.9 to 9.12 %, and for AMCO M4 alloy without heat treatment has an aluminum percentage loss 

in the central area of 12.01 to 10.94 %. The erosion cavitation surface analysis with scanning electron 

microscope, Fig. 10 A and the optical microscope, Fig. 10B shows a specific uniform degradation surface 

with small craters appeared on the edge limit of the grains. 
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4. CONCLUSIONS 

1) Quenching heat treatment for implementing the recovery solution followed by aging lead to an 

increase of cavitation erosion for naval bronzes for alloy AMCO 45 about 2 times, and about 2.5 times 

for AMCO M4 alloy compared with material alloys without heat treatment. 

2) Better strength in erosion cavitation process for AMCO M4 alloy compared with AMPCO 45 alloy is a 

consequence of the higher alloying components which leads to higher values of all characteristics of 

mechanical strength. 

3) EDX investigations of areas degraded by cavitation for these two types alloys AMPCO 45 and AMCO 

M4, with and without heat treatment show a decrease in aluminium concentration, a phenomenon due 

to the expulsion of its inter metallic compounds with alloying elements presents in the chemical 

composition. 
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Abstract 

Three different nickel alloys - IC221M, IC396 and IC438 - were prepared by induction melting followed by 

centrifugal casting. Metallographic samples were made of bar castings. The samples were used for 

microstructure documentation, for porosity evaluation and for chemical composition verifying by scanning 

electron microscope. The bars of nickel alloys were machined to tensile specimens, which were strained at 

standard conditions. It has been confirmed that dendritic structure of cast nickel alloys is unsuitable. The 

castings contained large shrinks which caused premature fracture of tensile specimens. This result was 

opposed to tensile tests of directionally solidified samples because directional solidification orientates a 

structure and also reduces the presence of shrinks. Therefore, it is important to continue in searching of the 

processes which reduce a dendritic structure of nickel alloy castings. 

Keywords: nickel alloys, centrifugal casting, porosity, tensile test 

1. INTRODUCTION 

Materials based on nickel aluminides are used in high-temperature applications [1]. Ni3Al intermetallic 

compound is a base of nickel alloys and it exhibits a positive dependence of deformation stress on 

temperature [2]. Thereby, strength of nickel alloys increases together with temperature up to 800 °C. 

Unfortunately, polycrystalline Ni3Al is brittle at room temperature. Brittleness of Ni3Al can be successfully 

reduced by boron alloying in small quantities [3]. Chromium inhibits a corrosion cracking at high 

temperatures. Addition of molybdenum and zirconium provides ductility. 

To carry out tensile tests of commercial nickel alloys with modified composition and to examine effect of 

chemical composition on mechanical properties being related to these types of test, these were the primary 

work aims. But they failed, therefore author decided to examine a cause of failure and to propose a 

treatment which will inhibit the failure in future. 

2. EXPERIMENT 

IC-396, IC-221M and IC-438 nickel alloys were prepared by induction melting in vacuum after which molten 

alloys were centrifugally cast. All was made in casting apparatus Supercast - Titan which is the property of 

Regional materials science and technology centre in VSB - Technical University of Ostrava. Melting 

conditions are in Table 1. 

mailto:martin.pohludka@vsb.cz
mailto:jitka.malcharczikova@vsb.cz
mailto:michenka@vuhz.cz
mailto:miroslav.kursa@vsb.cz
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Table 1 Preparation conditions of nickel alloys 

Alloy Casting No. Melting Casting Mould 

IC-396 N01 vacuum argon graphite 

IC-221M N02 vacuum argon graphite 

IC-438 N03 vacuum argon graphite 

Castings were four oval bars connected by riser. Diameter of the bar was 18 mm and length was 160 mm. 

After separating of the riser, the bars were not heat-treated. One bar of each nickel alloy was used for cutting 

of transversal section and for machining of two tensile specimens. Metallographic sample for documentation 

of microstructure was made from the transversal section.  

Chemical composition of the IC-396, IC-221M and IC-438 nickel alloys used in this article is modified and it 

differs from the composition of commercially applied nickel alloys [1]. Table 2 gives the modified 

composition. 

Table 2 Nominal composition of nickel alloys 

Alloy 
Ni 

(wt.%) 

Al 

(wt.%) 

Cr 

(wt.%) 

Mo 

(wt.%) 

Zr 

(wt.%) 

B 

(wt.%) 

IC-396 80.42 7.98 7.72 3.02 0.85 0.01 

IC-221M 81.16 8.00 7.70 1.43 1.70 0.01 

IC-438 79.51 8.10 5.23 7.02 0.13 0.01 

3. RESULTS 

3.1 Structure and chemical composition 

All three nickel alloys had a typical cast microstructure. They consisted of long grains oriented in a direction 

from mould wall to casting centre. The middle of castings was full of pores. Etching of metallographic 

samples by Marble’s etchant revealed that individual coarse grains contained many narrow dendrites with 

phases in interdendritic space (Figs. 1, 2 and 3). Documentation of microstructure was taken place by 

inverse metallographic microscope OLYMPUS GX51 equipped with digital camera OLYMPUS DP12. 

   

Fig. 1 Microstructure of the IC-

396 alloy 

Fig. 2 Microstructure of the IC-

221M alloy 

Fig. 3 Microstructure of the IC-

438 alloy 

Chemical composition of nickel alloys was at first confirmed by optical emission spectrometer 

SPECTROMAXx from pure and ground surfaces of the castings. Analysed area had dimension of 12 mm2 

with minimal depth after sparking (≈ 100 μm). Measurement was carried out several times on different 

accurately defined places of the sample. Final average values of OES analysis are written in Table 3. 
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Table 3 Results of OES and EDS analyses 

Alloy 
Analysis 

method 

Ni  

(wt.%) 

Al 

(wt.%) 

Cr 

(wt.%) 

Mo 

(wt.%) 

Zr 

(wt.%) 

B 

(wt.%) 

IC-396 OES 80.61 7.84 7.98 2.80 0.57 0.025 

IC-396 EDS 79.45 9.19 7.18 3.13 1.05 - 

IC-221M OES 81.34 7.72 8.06 1.35 1.31 0.026 

IC-221M EDS 80.36 8.81 7.34 1.60 1.89 - 

IC-438 OES 80.12 7.80 5.16 6.64 0.12 0.022 

IC-438 EDS 78.45 9.10 4.77 7.33 0.35 - 

Independently of OES analysis, chemical composition of nickel alloys was examined with help of scanning 

electron microscope QUANTA FEG 450 with a probe EDAX APOLLO X. The electron microscope has one 

disadvantage - the analysis of elements with lower atomic weight than carbon is impossible. Final average 

values of EDS analysis of nickel alloy chemical composition are in Table 3. The results of both chemical 

composition analyses are not too different from nominal values from Table 2. 

Chemical analysis of phases present in nickel alloy castings revealed that all nickel alloys contained small 

phases whose diameter was units of micrometer. The phases were mainly situated in interdendritic space 

and were formed by Ni-Zr and Zr-Mo precipitates. Chromium stayed dissolved in alloy matrix. Sulphur was 

also identified. It combined with the Zr-Mo phase. Sulphur had an origin in Ni3S2 which contaminated charge 

of nickel [4]. There were also small carbides in the nickel alloys. 

3.2 Tensile tests 

Two tensile specimens were machined from each nickel alloy. The specimens were strained at room 

temperature and standard conditions. Tensile specimens had circular cross-section with non-threaded grip 

sections. Diameter of gauge section was 5 mm and its length was 25 mm. The tests were carried out 

consistent with the ČSN EN ISO 6892-1 norm in VÚHŽ, a.s. on tensile apparatus Tira Test 2300. The results 

of tensile tests are concluded in Table 4. 

Table 4 Tensile test results of nickel alloy 

Alloy 
Tensile 

specimen No. 

YS 

(MPa) 

UTS 

(MPa) 

E 

(%) 

AR 

(%) 

IC-396 N01.A - 490 0.1 0.4 

IC-396 N01.B - 176 0.1 0.1 

IC-221M N02.A - 179 0.1 0.1 

IC-221M N02.B - 190 0.1 0.1 

IC-438 N03.A - 42 0.1 0.1 

Unfortunately, all tensile specimens exhibited so low ductility that it was not possible to reach deformation of 

0.2 % which is important for determining of nominal yield strength, YS. Therefore, values of elongation, E, 

and area reduction, AR, have only an informative character. In the case of sample N03.B, it fractured during 

marking of the gauge section. 

Observation of tensile specimen fracture surfaces on scanning electron microscope (Figs. 4 till 6) revealed 

that all tensile samples were premature fractured in a place with enhanced concentration of shrinks. This 

conclusion was confirmed by following defectoscopy analysis. 
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Fig. 4 Fracture surface of the IC-

396 alloy 

Fig. 5 Fracture surface of the IC-

221M alloy 

Fig. 6 Fracture surface of the IC-

438 alloy 

Cast IC-396, IC-221M and IC-438 alloys prepared by above mentioned approach have insufficient 

mechanical properties for using in commercial practice and they need additional treatment. But even though 

the alloys were annealed at the conditions of 1100 °C/1.5 h/cooling in air, dendritic structure of the alloys 

with shrinks was not reduced. That was a process of directional solidification which positively affected alloy 

structure with shrinks [5]. Another solution of casting treatment can be represented by HIP method. 

3.3 Porosity 

By reason of unsuccessful tensile tests, attention was paid to statistical and morphological description of 

pores and shrinks. Cast structures used in this work were compared with the ones directionally solidified in 

[5]. Procedure is explained in [4]. 

Porosity of nickel alloys was quantified with help of the same microscope as their microstructure. Ten 

photographic images of different places of non-etched sample surfaces were documented at two hundred 

fold magnification. These images were evaluated by analySIS auto, the computer program for image 

analysis. Measured parameters are given in [4]. There are the results of porosity, P, together with amount of 

identified pores, n, and average pore diameter, d, in Table 5. Porosity and average pore diameter of 

directionally solidified nickel alloys are smaller although the alloys can contain more pores than cast alloys 

(e.g. IC-396). 

Table 5 Porosity of nickel alloys after casting and directional solidification 

Alloy Preparation P (%) n (-) d (m) 

IC-396 casting 0.0534  0.0259 519 7.08 

IC-396 directional solidification 0.0500  0.0167 637 6.18 

IC-221M casting 0.0662  0.0341 695 6.81 

IC-221M directional solidification 0.0420  0.0146 461 6.66 

IC-438 casting 0.0642  0.0317 960 5.71 

IC-438 directional solidification 0.0513  0.0175 950 5.13 

It was identified from 461 to 960 pores in samples prepared from nickel alloys. Diameter of these pores was 

in range from 1.5 to 21.0 m. Majority of pores was situated in interdendritic space. Predominant character of 

pore diameter distribution is log-normal. That holds for castings and directionally solidified nickel alloys (Figs. 

7 and 8) but the directionally solidified ones contain less pores greater than 10 m. 
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Fig. 7 Pore distribution in nickel alloys after casting Fig. 8 Pore distribution in nickel alloys after 

directional solidification 

Results of pore morphology comparison in cast, C, and directionally solidified, DS, nickel alloys are 

contradictory (Fig. 9). Fully positive effect of directional solidification can be seen in the case of IC-438 alloy 

whose directionally solidified alloy contains more circular pores with smoother surface than cast alloy. In the 

case of IC-396 alloy, directional solidification affected positively only pore circularity. Pores in IC-221M alloy 

after directional solidification had worse morphology than the ones in its casting. 

 

Fig. 9 Pore morphology in nickel alloys after casting and directional solidification expressed by medians 

4. CONCLUSION 

Cast samples of the IC-396, IC-221M and IC438 nickel alloys were strained by tension at standard 

conditions. Their fracture happened before reaching of 0.2 % deformation. The cause of premature facture 

was coarse-grained dendritic structure containing many shrinks. Following heat treatment did not lead to 
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structure refinement and to shrink reduction. This problem was successfully resolved by directional 

solidification which had an effect on pores amount and their morphology. 
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Abstract  

Both magnesium and zinc are considered as suitable elements for preparation of biodegradable materials 

that can be gradually dissolved in human organism without the production of toxic compounds. Although 

many magnesium-based materials possess good mechanical properties and biocompatibility, corrosion rates 

accompanied by hydrogen release and pH increase are too high. On the contrary, Zn is characterized by 

much lower corrosion rate in physiological solution compared to magnesium and its alloys. Therefore, we 

study Zn-Mg binary alloys with 0 ÷ 7 wt.% of Mg. In this case, magnesium was selected to improve 

mechanical properties and biocompatibility of pure Zn. The structures of alloys were studied by an optical 

metallographic microscope and SEM equiped with EDS analyzer. Mechanical properties were studied using 

Vickers hardness measurements, compressive tests, tensile tests and bending tests. Our results showed 

that mechanical properties of binary Mg-Zn alloys improve with increasing content of Mg, achieving the 

maximum at eutectic composition. Higher Mg concentrations strongly deteriorate mechanical properties of 

binary Mg-Zn alloys.  

Keywords: zinc, biodegradable material, microstructure 

1. INTRODUCTION 

Science is currently spending a lot of time and effort in research of biodegradable materials that are used in 

the human body. Polymers are already commonly used to repair various tissues. When used as fixatives 

they do not have suitable mechanical properties. Another possible solution for these applications consists in 

the studied metallic materials based on magnesium. Magnesium is non-toxic to the human body 1. 

However, its utilization also brings some negative effects. First one is a very high corrosion rate 2. A by-

product of the degradation of Mg alloys is hydrogen. In the vicinity of the metal, implant creates an alkaline 

environment. These negative effects impair the healing process. Therefore, research is also dedicated to 

testing possible other alloys, which will exhibit acceptable corrosion rate and their composition will not harm 

the human body 3. Zinc base alloys appear to be suitable for this application. The standard electrode 

potential of zinc is higher than magnesium. This implies that the corrosion rate will be smaller with less 

hydrogen evolution. Zinc is also non-toxic to the human body and has greater strength. Mechanical 

properties are likely to be better than for magnesium alloys 4. Zinc alloys are also less costly to prepare. 

They are prepared at lower temperatures and do not require the protective atmosphere during processing. 

2. EXPERIMENT 

For this research, following alloys of zinc were chosen: pure Zn and Zn-Mg alloy containing up to 7 wt.% Mg 

(ZnMg0.5; ZnMg1; ZnMg2; ZnMg3, ZnMg5; ZnMg7). The composition was designed according to the phase 

diagram to obtain the hypoeutectic, eutectic and hypereutectic alloys. The chemical composition in as-cast 

state was checked by X-ray fluorescence spectroscopy, as shown in Table 1. 
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Table 1 Chemical composition, Vickers hardness (HV5) and compressive strength of the investigated Zn-

based alloys 

Alloys 

designation 

Element (wt.%) 
Vickers 

hardness 

Compressive 

strength 

(MPa)  
Zn Mg Si Ca 

Zn 99.97 - 0.02 0.01 37 300 

ZnMg0.5 99.10 0.86 0.02 0.02 80 640 

ZnMg1 98.38 1.59 0.02 0.01 82 490 

ZnMg2 97.35 2.61 0.03 0.01 102 800 

ZnMg3 96.49 3.49 0.01 0.01 124 860 

ZnMg5 93.65 6.32 0.02 0.01 196 300 

ZnMg7 91.64 8.34 0.01 0.01 226 110 

Before identification of the mechanical properties, metallographic samples of cast alloys were prepared. 

Then the structure of the materials was observed using a light metallographic microscope (Olympus PME-3) 

and TESCAN VEGA 3 LMU scanning electron microscope with EDS analyser (Oxford Instruments). 

Mechanical properties were characterized by Vickers hardness (HV5) and compression tests performed at 

room temperature (LabTest 5.250SP1-VM). 

3. RESULTS AND DISCUSSION 

3.1 Structure  

Structure of prepared alloys can be seen in the Figs.  below. Fig. 1a presents the microstructure of pure 

zinc. It consists of relatively large grains whose size is caused by slow cooling during solidification. In Fig. 

1b-1d, ZnMg0.5, ZnMg1, ZnMg2 hypoeutectic alloys can be seen as the primary Zn-based solid solution 

dendrites (light) and eutectic mixture of Zn and Mg2Zn11 (dark). With increasing content of magnesium, the 

proportion of eutectic grows. Fig. 1e shows the ZnMg3 eutectic alloy, being composed of a mixture of Zn and 

Mg2Zn11. In Fig. 1f and 1g, there are structures of hypereutectic alloys ZnMg5, ZnMg7.  
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     Fig. 1 Optical micrographs of alloys based on zinc 

3.2  Mechanical properties  

The values of Vickers hardness and compressive strength values are summarized in Table 1. Hardness of 

the alloys depends on the amount of formed Mg2Zn11 phase.  

With the growing magnesium content, the material’s hardness increases. The compressive strength was 

evaluated only for the alloys with lower magnesium content. Although hypereutectic alloys have greater 

hardness, they are fragile and loading lead to their damage. 
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4. CONCLUSIONS  

This work describes the microstructure of Zn-based alloys. The structure significantly changes with 

increasing magnesium content. The values of hardness and compressive strength increase with growing 

content of magnesium, due to the formation of Mg2Zn11 phase. Hypoeutectic Zn-Mg alloys were proved to be 

suitable materials for further research. Hypereutectic alloys are too fragile for the desired biomedical 

applications. 
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Abstract 

In the work the dependence of the resulting structures of alloys and castings on the crystallization character 

indices for two-, three- and multi-component solid solution alloys is shown. For three-component alloys the 

algorithm and the calculation program of the crystallization indices of the solid solution alloys were 

developed. Calculations of these indices for different compositions have been done and the resulting 

structures depending on the external solidification conditions have been shown. Theoretical investigations 

were confirmed on the castings of two-, three- and multi-component solid solution alloys. 

Keywords: crystallization, alloy, crystallization indices, microstructure, macrostructure, castings, segregation 

1. INTRODUCTION 

The operation properties of the cast alloy products are predetermined by the phase composition, morphology 

and dispersity, i.e. by the alloy microstructure, and by the size and orientation of the crystals, i.e. by the ingot 

macrostructure as well. Any metallic ingot is the result of the substance transition from the liquid non-

crystalline condition into the solid crystalline one, i.e. of the physical-chemical process. The final phase 

composition, the alloy microstructure and the ingot macrostructure depend to a great extent on the 

completeness of the physical-chemical processes going on during the crystallization. The basis of the 

prediction of the final crystallization results are the laws of equilibrium of this process which are 

predetermined by the physical and chemical properties of the alloy elements and reflected by the equilibrium 

phase diagrams. In view of the fact that the equilibrium crystallization can not be practically realized at any 

cooling rates the main task of the crystallization process analysis is to determine the possible deviation 

degree from the equilibrium development, the non-equilibrium liquidus and solidus temperatures, 

compositions and masses of the non-equilibrium liquid and solid phases. 

2. THEORY 

The crystallization process of solid solution alloys is a sufficiently complicated mechanism even for binary 

systems. For its analysis it is necessary to apply calculations taking into account in the first place the 

difference of the values of the temperature conductance coefficients and the diffusion in the liquid and solid 

phases. Such approach to the equilibrium crystallization analysis is given in the work [1] where quantitative 

indexes were deduced for binary alloys and used for the analysis of commercial alloys. 

The alloy fraction crystallizing by the diffusion decomposition of the liquid phase (MDECOM) and the diffusion 

interaction of the liquid and solid phases (MIA), the crystallization rate (i = dm/dt) close to the liquidus (iL) and 

solidus (iS), the equilibrium distribution coefficient of the alloying element (K), values of the equilibrium (δtE) 

and non-equilibrium (δtNE) crystallization ranges belong to the crystallization character indexes of alloys. 

mailto:sidorov.ev@mail.ru
mailto:jaromir.drapala@vsb.cz
mailto:misistlp@mail.ru
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The analysis of these indexes and the experimental investigations of the binary alloys allowed solve the task 

to obtain ingots of multi-component magnetic alloys with required macrostructures - single crystal, columnar 

and with equal axes [1, 2]. In the course of work we had to transform the multi-component solid solution 

alloys into the hypothetic binary ones with conditional equilibrium distribution coefficient which made it 

possible to determine the MDECOM, MIA, iL, iS values. However the analysis proposed in [1] did not allow study 

precisely the crystallization character of the three- and multi-component solid solution alloys. Later on in the 

works [3-6] theoretic and graphic analysis of the crystallization process of three-, four- and multi-component 

solid solution alloys was made and new previously unknown equilibrium crystallization mechanisms of these 

alloys were determined. These new mechanisms are the following: 

 in the course of the equilibrium crystallization in the multi-component alloys at the temperature 

decrease at first non-equilibrium liquid and solid phases form from the existing equilibrium liquid phase 

by the diffusion decomposition, and the subsequent diffusion interaction involves composition and 

mass changes in all existing phases bringing the system in a new equilibrium state; 

 in the multi-component continuous solid solution elements with the melting temperature higher than 

the alloy liquidus temperature have the equilibrium distribution coefficients more than a unit (K > 1), 

these coefficients are less than a unit (K < 1) when the element has the melting temperature lower 

than the solidus temperature of the alloy; the elements the melting temperature of which is in the 

crystallization range of the multi-component alloy have the equilibrium distribution coefficient less than 

a unit (K < 1) at the beginning of the process, then equal to the unit (K = 1) and more than a unit (K > 

1) at the end of the process. 

Let us consider the equilibrium crystallization of the three-component solid solution alloy of the A-B-C system 

in which the element melting temperatures correlate as tBm > tCm > tAm. In Fig. 1 such system is presented 

with two isothermic sections at t and t - ∆t, where tie-lines at this temperatures for the Co alloy and the 

compositions of the coexisting equilibrium liquid and solid phases tt

E.S

t

E.S

tt

E.L

t

E.L C,C,C,C   are shown. Their 

mass fractions for any temperatures in the crystallization range are determined proceeding from the 

constancy of any element quantity in the alloy in the crystallization process 

. . . .S E S E L E L E Om C m C C  ,                                                               (1) 

where mS.E and mL.E are mass fractions of the solid and liquid phases at the temperature under 

consideration. Since at any temperature mS.E + mL.E = 1 from equation (1) we obtain 

.
.

. .

t
t O S E
L E t t

L E S E

C C
m

C C





,                                                                    (2) 

.
.

. .

t
t L E O
S E t t

L E S E

C C
m

C C





.                                                                    (3) 

Hence, at t and t - ∆t we know the compositions of both phases ( tt

E.S

t

E.S

tt

E.L

t

E.L C,C,C,C  ) and their mass 

fractions ( tt

E.S

t

E.S

tt

E.L

t

E.L m,m,m,m  ). 

Now let us consider the crystallization process of the Co composition in the three-component A-B-C system 

(Fig. 1) with regard to the decomposition and interaction. At the temperature decrease by ∆t non-equilibrium 

solid ( tt

NE.SC  ) and liquid ( tt

NE.LC  ) phases form by the decomposition from the liquid phase with the t

E.Lm  mass 

and t

E.LC  compositions are determined according to the tie-line lying through the equilibrium liquid 

composition t

E.LC .  
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Fig. 1 Isothermic sections of the phase diagram of the ternary A-B-C system  

at t and t - ∆t (tBm > tCm > tAm) 

 

On the basis of the well-known principles of the equilibrium crystallization of solid solutions we can determine 

the mass fractions of the formed non-equilibrium phases: 
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.                                                              (5) 

Thus after the diffusion decomposition of the liquid having the mass t

E.Lm  and the composition t

E.LC  new non-

equilibrium liquid ( tt

NE.Lm   and tt

NE.LC  ) and solid ( tt

NE.Sm   and tt

NE.SC  ) phases have formed; tt

NE.Sm   is the mass 

fraction of the solid phase which has formed by the diffusion decomposition at the temperature decrease by 

∆t and which may be designated as ∆MDECOM. At the same time the former solid phase with the mass t

E.Sm  

and the composition t

E.SC  equilibrium for t remained. The sum of the mass fractions of the phases existing at 

this stage can be written in the following way: 

. . .
1t t t t t

S E L NE S NEm m m    .                                                               (6) 

The balance of any element being part of the alloy composition is expressed by the equation 

. . . . . .

t t t t t t t t t t

S E S E L NE L NE S NE S NE OC m C m C m C      .                                                  (7) 

From equation (6) we can see that 

. . . .
1t t t t t t

L NE S NE S E L Em m m m     .                                                         (8)  

Thus after the first step of the equilibrium crystallization, i.e. the diffusion decomposition of the liquid, the 

whole system is in the non-equilibrium condition which is described by the equations (4), (5) and (8). The 

presence of the solid phase with the composition tt

E.SC   and the mass tt

E.Sm   and one liquid with tt

E.LC   and 

tt

E.Lm   must correspond to the equilibrium condition of the system at the temperature t - ∆t. They are 

determined by the tie-line crossing Co at t - ∆t (Fig. 1). Therefore the equilibrium must be achieved by the 

diffusion change of the compositions of two solid phases t

E.SC  and tt

E.SC   to the new equilibrium tt

E.SC   and by 

the change of the non-equilibrium liquid composition tt

NE.LC   to the new equilibrium tt

E.LC  . This is the essential 

difference of the equilibrium crystallization process of the three- and more-component alloys from the binary 
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alloys in which the compositions of the non-equilibrium liquid and solid phases formed after the 

decomposition coincide with the compositions of the equilibrium liquid and solid phases at t - ∆t (Fig. 1). The 

diffusion interaction which is going on must result not only in the change of the phase compositions but their 

mass fractions as well, which on reaching the equilibrium will be equal to 

.
.

. .

t t
t t O S E
L E t t t t

L E S E

C C
m

C C




 





,                                                                  (9) 
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,                                                                 (10) 

The total increment of the solid phase or the diminution of the liquid phase (∆m) at the temperature decrease 

by ∆t will make ∆m = tt

E.Sm  - t

E.Sm  or ∆m = t

E.Lm  - tt

E.Lm  . The fraction of the solid phase formed by the diffusion 

decomposition of the liquid ∆mDECOM = tt

NE.Sm   is determined by the formula (5). Then the quantity of the solid 

phase obtained by the diffusion interaction (∆mIA) can be determined in the following way: 

. . .

t t t t t

IA S E S E S NEm m m m     ,                                                           (11) 

or 

. . . .
.

. . . . . .

t t t t t t
tL E O L E O L NE L E

IA L Et t t t t t t t t t

L E S E L E S E L NE S NE

C C C C C C
m m

C C C C C C

 

   

  
   

  
.                                     (12) 

To investigate the process of the equilibrium and non-equilibrium crystallization in the three-component 

systems we developed a computer program on the basis of MatLab which allowed to plot the liquidus and 

solidus surfaces in the continuous solid solution systems, isothemic and polythermic sections, tie-lines, to 

determine the compositions of the coexisting equilibrium phases and their mass fractions at the given 

composition, to calculate equilibrium distribution coefficients of elements [7]. Applying this program we 

calculated the equilibrium and non-equilibrium crystallization of alloys in the assumed three-component A-B-

C system and the real Cu-Mn-Ni system and determined the above mentioned equilibrium crystallization 

indexes. Calculations were done using the algorithm of a series of ternary A-B-C system alloys indicated 

above (Fig. 2a), in this system the element melting temperatures tA = 1000 °C, tB = 1200 °C, tC = 800 °C 

were assumed, i.e. the B component is a high melting point element, A - a medium melting point element, C 

- a low melting point element. 

In Table 1 the calculation results of the equilibrium and in Table 2 of the non-equilibrium crystallization of the 

alloy 33 % A - 33 % B - 34 % C are given. The liquidus temperature of the alloy is tL = 1047 °C, the 

equilibrium solidus temperature tS.E = 980 °C, the non-equilibrium solidus temperature tS.NE = 800 °C. For the 

equilibrium process calculations were done with the temperature step 5 °C, for the non-equilibrium - 10 °C. 

Compositions of the equilibrium solid sE(A,B,C), liquid lE(A,B,C) phases, their masses (mL.E, mS.E), 

compositions of the non-equilibrium solid sNE(A,B,C), liquid lNE(A,B,C), their masses (∑∆mS.NE, mL.NE), alloy 

fractions formed by the diffusion decomposition (∆mDECOM) and the diffusion interaction (∆mIA) at the 

temperature step decrease, the total alloy fraction crystallizing by these processes (MDECOM = ∑∆mDECOM, MIA 

= ∑∆mIA) and the equilibrium distribution coefficients of elements (K) were determined. 

From Table 1 we can see that the alloy fraction crystallizing by the diffusion decomposition is MDECOM = 0.52 

and by the diffusion interaction - MIA = 0.48. At the completely non-equilibrium process (DS → 0, DL → )  the 

whole alloy crystallizes only by the diffusion decomposition (Table 2) and each solid phase layer retains its 

composition and mass to the room temperature. The non-equilibrium crystallization process finishes at the 

melting temperature of the low melting point element C (800 °C). 

From Tables 1, 2 we can see that the equilibrium distribution coefficient of the medium melting point element 

A changes its value from K < 1 to K > 1; this results in the specific distribution of the element in the dendrite 
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cell accordingly (Fig. 3). We can see from Table 2 that the major solid phase fraction (~ 70 %) at the non-

equilibrium crystallization deposits at the equilibrium solidus temperature. 

 

 
               c                        a                        b 
 

 
d 

Fig. 2 Phase diagram of the A-B-C system (a) and the configuration of the transition two-phase regions in 
the casting samples with the temperature gradient of the alloys C1 (b), C2 (c), C3 (d) at the equilibrium  

(on the left) and non-equilibrium (on the right) crystallization 

Table 1 Equilibrium crystallization indices of alloys 

T (°C) lE (A) lE (B) mL.E  sE (A) sE (B) mS.E 

1047 33.00 33.00 1.000 27.13 19.74 0.000 

1042 33.42 34.01 1.924 27.91 20.55 0.075 

1037 33.77 35.05 0.850 28.65 21.38 0.149 

1032 34.06 36.11 0.775 29.35 22.24 0.224 

1027 34.28 37.19 0.701 30.00 23.13 0.298 

1022 34.43 38.30 0.627 30.60 24.05 0.372 

1017 34.50 39.44 0.553 31.14 25.01 0.446 

1012 34.50 40.61 0.478 31.62 26.00 0.521 

1007 34.43 41.82 0.403 32.03 27.03 0.596 

1002 34.27 43.05 0.328 32.38 28.10 0.672 

997 33.76 44.48 0.255 32.74 29.17 0.744 

992 32.97 46.05 0.080 32..81 30.29 0.820 

987 32.11 47.65 0.089 33.09 31.50 0.910 

982 31.20 49.26 0.009 33.02 32.79 0.990 

981 31.07 49.51 0.002 33.01 33.00 0.997 
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Table 1 continued 

T (°C) lL.NE (A) lL.NE (B) mL.N sNE (A) sNE (B) ∆mDECOM ∆minteract 

1047 0.00 0.00 0.000 0.00 0.00 0.000 0.001 

1042 33.42 34.01 0.924 27.91 20.55 0.075 0.000 

1037 33.80 35.03 0.855 28.68 21.37 0.068 0.005 

1032 34.11 36.08 0.788 29.40 22.22 0.062 0.012 

1027 34.37 37.14 0.719 30.08 23.09 0.056 0.018 

1022 34.56 38.22 0.649 30.72 24.00 0.052 0.022 

1017 34.68 39.34 0.581 31.30 24.93 0.046 0.028 

1012 34.71 40.49 0.513 31.82 25.91 0.040 0.034 

1007 34.68 41.67 0.444 32.27 26.92 0.034 0.040 

1002 34.56 42.89 0.375 32.66 27.97 0.028 0.047 

997 34.34 44.15 0.305 33.32 28.91 0.022 0.050 

992 33.76 45.60 0.252 33.82 29.92 0.014 0.068 

987 32.89 47.21 0.204 33.91 31.13 0.006 0.070 

982 31.97 48.83 0.082 33.85 32.42 0.004 0.073 

981 31.18 49.45 0.009 33.13 32.94 0.000 0.006 

 ∑ 0.52 ∑ 0.48 

 

Table 2 Non-equilibrium crystallization indices of alloys 

T (°C) lNE (A) sNE (A) K (A) lNE (C) sNE (C) K (C) 

1047 33.00 27.13 0.822 33.00 19.74 0.598 

1037 33.77 28.65 0.848 35.05 21.38 0.610 

1027 34.40 30.11 0.875 37.12 23.08 0.621 

1017 34.89 31.50 0.902 39.22 24.84 0.633 

1007 35.25 32.82 0.931 41.34 26.67 0.645 

997 35.39 34.37 0.971 43.54 28.43 0.653 

987 35.22 36.37 1.032 45.88 30.02 0.654 

977 34.77 37.82 1.087 48.33 31.90 0.660 

967 34.05 38.76 1.138 50.89 34.05 0.669 

957 33.10 39.27 1.186 53.54 36.43 0.680 

947 31.92 39.32 1.231 56.27 39.05 0.693 

937 30.54 38.97 1.275 59.08 41.88 0.708 

917 27.27 37.10 1.360 64.85 48.16 0.742 

897 23.44 33.80 1.442 70.77 55.22 0.780 

877 19.13 29.14 1.523 76.79 63.04 0.820 

867 16.86 26.36 1.563 79.81 67.21 0.842 

857 14.50 23.27 1.604 82.83 71.56 0.863 

847 12.09 19.90 1.645 85.85 76.09 0.886 

837 9.63 16.24 1.686 88.86 80.79 0.909 

827 7.11 12.29 1.728 91.86 85.68 0.932 

817 4.55 8.05 1.770 94.85 90.76 0.956 

807 1.95 3.53 1.814 97.83 96.03 0.981 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1583 

Table 2 continued 

T (°C) lNE (B) sNE (B) K (B) ∆ mS.NE  ∑∆ mS.NE  ∆ mL.NE 

1047 34.00 53.12 1.562 0.00 0.00 1.0 

1037 31.18 49.97 1.602 0.15 0.15 0.8 

1027 28.48 46.81 1.643 0.12 0.27 0.73 

1017 25.89 43.66 1.686 0.11 0.38 0.62 

1007 23.41 40.51 1.730 0.09 0.47 0.53 

997 21.07 37.20 1.766 0.08 0.55 0.45 

987 18.90 33.60 1.777 0.07 0.62 0.38 

977 16.90 30.27 1.790 0.05 0.67 0.33 

967 15.07 27.18 1.804 0.05 0.72 0.28 

957 13.37 24.30 1.818 0.04 0.76 0.24 

947 11.81 21.63 1.831 0.04 0.80 0.20 

937 10.38 19.16 1.845 0.03 0.83 0.17 

917 7.88 14.74 1.870 0.03 0.86 0.14 

897 5.79 10.98 1.895 0.02 0.88 0.12 

877 4.08 7.82 1.918 0.02 0.90 0.10 

867 3.33 6.43 1.929 0.02 0.92 0.08 

857 2.66 5.17 1.941 0.02 0.94 0.06 

847 2.06 4.02 1.952 0.01 0.95 0.05 

837 1.51 2.97 1.962 0.01 0.96 0.04 

827 1.03 2.03 1.973 0.01 0.97 0.03 

817 0.60 1.19 1.983 0.01 0.98 0.02 

807 0.22 0.44 1.993 0.01 0.99 0.01 

 

In Fig. 3 plots of the equilibrium and non-equilibrium crystallization indexes of three alloy compositions C1 

(80 % B - 10 % A - 10 % C), C2 (80 % A - 10 % B - 10 % C), C3 (80 % C - 10 % A - 10 % B) having equal 

equilibrium but different non-equilibrium crystallization ranges are presented. The alloy C1 is taken in the 

region of the high melting point element B, the alloy C2 in the region of the medium melting point element A 

and the alloy C3 in the region of the low melting point element C. In Fig. 3 a1, b1, c1 alloy fractions formed by 

the MDECOM and MIA are shown. We can see from the Figs.  that the greater fraction of the C1 alloy 

crystallizes by the MDECOM, and the greater fraction of the C2 alloy crystallizes by the MIA, these fractions in 

the C3 alloy are nearly equal. In Fig. 3 a2, b2, c2 the solid phase increment in the C1, C2, C3 alloys at the 

completely non-equilibrium process is shown. In this case the diffusion interaction is absent and the whole 

alloy crystallizes only by the diffusion decomposition. The crystallization process starts at the liquidus 

temperatures of each alloy and finishes at the same (equal) non-equilibrium solidus temperature (tS.NE = tS). 

Accordingly, in the solidifying casting at the equal temperature gradient transition liquid-solid regions of 

different sizes will form. The C1 alloy will have the most extensive transition liquid-solid region (Fig. 2 b, Fig. 

3 a2) and the C3 alloy - the shortest region (Fig. 2 d, Fig. 3 c2). Such difference in the configuration of the 

liquid-solid region in alloys with equal equilibrium but different non-equilibrium crystallization ranges affects 

the macrostructure - the crystal grain size. It turns out that the greater the value of the non-equilibrium 

crystallization range the coarser are the crystals. 
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                     a3                    b3                    c3 

Fig. 3 Graphic indices of the equilibrium and non-equilibrium crystallization of alloys C1, C2, C3 

In Fig 3 a3, b3, c3 the dependence of the alloy element distribution in the dendrite cell on the solid phase 

fraction of the alloy or on the fraction of the solidified casting during the directional solidification with the 

plane front is shown. We can see from the Figs.  that an untypical distribution of the medium melting point 

element A is observed in the dendrite cell of the C1 and C2 alloys. Its content at first increases, reaches 

maximum and then decreases. Since the alloy element segregation is determined as KSEG = CB / CC, where 

CB, CC is the element content at the boundary and in the center of the dendrite cell accordingly, we can not 

determine whether the A element segregates or not. Such untypical distribution of the medium melting point 

element is caused by the change of its equilibrium distribution coefficient in the crystallization range [3, 5]. 
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The high melting point element B in all alloys of the A-B-C system does not segregate, and the low melting 

point element C always segregates with the maximum content at the boundary. 

In Fig. 4 the size of the columnar crystals (h, in inches) in ingots of different alloys in the Cu-Ni and Cu-Mn 

systems based on the data [8] and our own experiments [1] is shown. We can see from the figure that the 

greater the value of the non-equilibrium crystallization range the more is the height of the columnar crystals. 

However, a large size of the liquid-solid region will be characterized by the presence of a great number of the 

shrinkage pores in the castings which is especially critical for the tin bronze. 

 
                              a                     b 

Fig. 4 The dependence of the height of the columnar crystals h [inch] in castings of alloys of Cu-Mn (a) and 

Cu-Ni (b) systems o - data from [8]; x - authors’ results [1] 

3. CONCLUSION 

1) A computer program on the basis of MatLab was developed and calculations of the indexes of the 

equilibrium and non-equilibrium crystallization of alloys in the three-component system were done. 

2) The dependence of the microstructure of the alloy and the macrostructure of the castings on the alloy 

crystallization character was determined. It is shown that the real crystallization process is going on in 

non-equilibrium conditions the result of which is the micro- and macro-inhomogeneity, the increase of 

the crystallization range, the dependence of the macro-grain size on the extension of the transition 

liquid-solid region. 

3) It is shown that a complicated redistribution of the medium melting point element in the alloy 

microstructure is the result of the change of the equilibrium distribution coefficient in the crystallization 

range. 
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Abstract  

For production of Ti-Ni based alloys are mostly used the cleanest raw materials. The typical input materials 

for preparing the alloys are a titanium sponge (pure titanium rods) and metallic nickel (pellets, piece 

electrolytic, etc.). Ni usually has lower contents of interstitial impurities. The titanium sponge may on the 

other hand contain up to 400 ÷ 800 ppm of oxygen and circa 25 ÷ 80 ppm of carbon. The current key 

technologies of the preparation of alloys of the Ni-Ti-(Me) system are most often realized in a vacuum. Here 

several methods are used (melting by electron beam - EMB, vacuum arc melting - VAR, high-frequency 

induction vacuum melting in graphite crucibles - VIM. Plasma melting represents another possible 

technology. The properties of these alloys (both shape memory and mechanical) are significantly affected by 

the contents of these elements, similarly to other materials. The degradation of properties is also affected by 

the quality of the surface and the presence of hydrogen. This article deals with examination of possibilities of 

Ti-Ni alloys recycling using older alloys prepared and used before. There are also discussed differences 

between new prepared alloys (from raw materials) and alloys recycled with respect to gas and other 

impurities contents. Microstructures were evaluated by OM and SEM techniques. For melting was used 

vacuum induction furnace with graphite crucible and centrifugal casting into rods with diameter 20 mm, 

length 225 mm. 

Keywords: vacuum induction melting, centrifugal casting, shape memory alloy 

1. INTRODUCTION  

It is well known that Ni-Ti based materials (binary and alloyed by other elements) are usually prepared in 

vacuum induction furnaces in graphite crucibles. For preparation of the metallurgically purest alloys a 

vacuum arc melting is sometimes moreover applied after vacuum induction melting. During the melting in 

graphite crucibles certain contamination of the alloy by carbon also occurs, and also depletion of titanium 

from the basic matrix due to formation of TiC. The ratio of nickel and titanium also changes and it leads 

subsequently to the change of temperatures of martensitic transformation. Among other problems arising 

from the melting of Ni-Ti, there is the formation of low-melting point phase NiTi2, which causes a strong 

tendency towards hot crack formation. It is necessary to maintain the exact chemical composition in these 

materials, since a deviation from the desired composition even of just 0.1 at.% may lead to the change of 

transformation temperatures even by 10 K. The alloys alloyed by other elements usually reduce this 

concentration dependence. Multiple re-melting of alloys is usually also not recommended [1, 2, 3, 4]. 

2. EXPERIMENT 

The alloys, which had already been investigated in the past, were chosen for experiments. These were two 

types of binary alloys [at.%] (A - Ni50-Ti50 B - Ni50.6-Ti49.4) and two types of ternary alloys (C - Ni40-Ti50-

Cu10 and D - Ti50-Ni47-Fe3). Alloys marked 1 were prepared from the high quality raw material, alloy 

marked 2 were prepared from recycled materials. Overview of prepared alloys shows Table 1. These were 

totally different types of alloys. Binary alloys tend to have a transformation sequence B2 (high-temperature 

austenitic phase) → (R) → martensite B19'. The alloy C transforms according to the scheme B2 → B19 → 

B19' and the alloy D transforms according to the scheme B2 → R → B19' [5]. 

mailto:ivo.szurman@vsb.cz
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Table 1 Experimental alloys overview and content of gases in alloys 

The aim of realised experiments was to compare the alloys prepared from pure primary inputs with the alloys 

prepared by re-melting / recycling of alloys residues from previous experiments, from risers, etc. The 

following input materials were chosen for preparation of the alloys of the Ni cathode 4N (content of impurities 

in wt.%): C 0.01, Fe 0.0048, Al < 0.0002, Ti 0.0056, O2 0.002, N2 0.0002; Ti 2N8: impurities C 0.025, Fe 

0.016, Al < 0.002, Ni 0.051, O2 0.0061, N2 0.0002; Cu 99.99 %, Fe 99.99 %. Pure input materials and alloys 

for recycling were thoroughly cleaned prior to the preparation. 

2.1  Preparation of experimental material  

All experimental alloys were prepared in a vacuum induction furnace in a graphite crucible by centrifugal 

casting - on the equipment supercast-titan. Before the first melting the binary TiNi alloy was re-melted in 

order to create a TiC layer. Appropriate arrangement of charge in the crucible is also very important at 

vacuum high-frequency induction melting [6]. It was established that if the surface of the crucible is covered 

with Ti disks, the content of carbon in produced alloy is reduced in comparison with the case of random 

arrangement of the charge. This phenomenon is caused by formation of a TiC layer, which acts as a 

diffusion barrier. Before melting in all cases the furnace working chamber was flushed three times with argon 

of the quality 6N. Casting material was realised at the temperature of approx. 1400 °C in the graphite mould, 

which was not pre-heated. In this way we prepared castings of circular cross section with a diameter of 20 

mm and length of 225 mm. The preparation process was followed by rotary forging of ingots from the 

temperature of 900 °C to the final diameter of 2 mm. In the next phase of works we will perform forming to 

thinner sections and will also monitor transformational behaviour. Microstructural characteristics of the as 

cast state were studied by techniques of OM and SEM. The samples for microstructural phase analysis were 

investigated in the form of prepared polished cross-sections sealed in bakelite in the state after etching. The 

microstructure of the samples was first documented at a magnification of 50x, 100x and 500x, and then 

subjected to SEM and EDX analyses. Matrix was analysed in all the samples, as well as characteristic 

phases, or also occurring microstructural differences. The analysed parts of material were also documented 

on the SEM. Determination of gas contents was performed on the LECO analyser with the addition of nickel 

(Ni Basket). The samples of weighing 0.1 to 0.2 g were prepared for the analysis. Before the determination 

the samples were degreased with use of n-hexane. 

3. DISCUSSION OF THE OBTAINED RESULTS  

The realised measurement of the gas content showed that the alloys from the primary melt have usually 

lower contents of oxygen and nitrogen. Table 1 gives an overview of the measured values. The 

measurements were always performed on three samples taken from the upper and lower parts of the ingot. 

The results show the average values of three measurements. 

Alloy 
Composition 

[at.%] 
State of material O [wt.%] N [wt.%] 

A1 Ni50-Ti50 raw material  0.0651 0.0021 

B1 Ni50.6-Ti49.4 raw material  0.0626 0.0032 

C1 Ni40-Ti50-Cu10 raw material  0.0909 0.0076 

D1 Ni47-Ti50-Fe3 raw material  0.0798 0.0037 

A2 Ni50-Ti50 recycled  0.1189 0.0046 

B2 Ni50.6-Ti49.4 recycled 0.1831 0.0911 

C2 Ni40-Ti50-Cu10 recycled 0.0715 0.0026 

D2 Ni47-Ti50-Fe3 recycled 0.4058 0.0094 
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It is quite evident from the table that the lowest contents of oxygen and nitrogen were achieved in the alloy 

A1 (prepared from pure raw materials). The other alloys prepared from pure primary materials also showed 

satisfactory contents of gases. On the other hand, the alloys prepared from the recycled inputs, had 

incomparably higher gas contents, with the exception of the alloy C2, the gas content in which corresponds 

to the alloys prepared from pure raw materials. This fact was caused by the use of higher quality recycled 

material.  

In the next stage, the microstructure of the as-cast alloys was studied using optical microscopy. The micro-

structure was developed by the etching agent 1 HF : 4 HNO3 : 5 H2O. Fig. 1 shows a comparison of micro-

structures of the alloys A1 and A2. Fig. 2 presents a comparison of microstructures of the alloys D1 and D2. 

We can see big similarity in both pairs of alloys (prepared from pure raw materials and from recycled 

material). Needles of the martensitic phase are visible in both Figs. . In both cases, these are micro-

structures in the as-cast state. Similar situation was also in the other two pairs of alloys. For this reason a 

microstructural analysis was carried out using SEM. Microstructural analyses were carried out in this case as 

well on samples of the as-cast alloys after etching. Similarly as in the case of examination of the alloys by 

optical microscopy, in this case the pairs of alloys are very similar, but some differences are already clearly 

visible. 

Fig. 3 shows the microstructure of the alloy A1 (binary from the primary melt). The microstructure is 

composed by the matrix corresponding to the intermetallic phase TiNi, and it contains also carbidic phase of 

the TiC type with sizes in the range of 1 ÷ 2 micrometers. Other particles visible in the microstructure are 

small elongated formations of Ti2Ni. It is desirable to have the content of these particles in the microstructure 

as low as possible. Oxide phases of the type T4Ni2O were not observed in the microstructure of this alloy. 

They tend to be substantially smaller than carbidic particles and it is possible to observe them using TEM. 

Fig. 4 shows the microstructure of the alloy A2 (binary from recycled material). The matrix is again formed by 

intermetallic phase TiNi, its microstructure contains also the carbidic phases of the TiC type of similar size as 

in the case of A1 alloy. Apart from that we can see again in the microstructure particles of the Ti2Ni phase, 

but in comparison with the Al alloy their quantity is slightly higher and they are usually larger. 

Fig. 1 Microstructures of aloys A1 (a) and A2 (b) 
OM 

Fig. 2 Microstructures of aloys D1 (a) and D2 (b) 
OM 
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Fig. 5 shows the microstructure of the C1 alloy (ternary from the primary melt). Similarly as in the previous 

pair of alloys we can see in this case the matrix corresponding to the TiNi phase with higher content of Cu. 

The microstructure contains moreover particles of carbidic phase of the type TiC, comparable in size with 

those contained in the binary alloys (A1 and A2). The microstructure contains also the Ti2Ni phase, which in 

comparison with the matrix contains smaller amount of Cu. In this case, measurement of the chemical 

composition might have been distorted by the surrounding matrix, since the Ti2Ni phases are relatively small. 

Fig. 6 shows the microstructure of the C2 alloy (from recycled inputs). The microstructure consists, as in all 

other cases, of the matrix corresponding to TiNi with higher content of Cu. It contains also TiC carbides, the 

size of which is comparable to those contained in other alloys, and phases Ti2Ni, which are in this alloy 

significantly bigger than in the alloy C1. Cu content in them is lower than in the matrix. Oxide particles 

Ti4Ni2O were not observed in the microstructure in this pair of the alloys, either.  

Some other experiments were also carried out, which were focused on the alloys formability. It concerned 

specifically a rotary reforging of material from the initial diameter of 20 mm to the diameter of 5 mm. The 

forging was performed at the temperature of approx. 850 °C with application of 5 reductions. The alloys were 

between individual reductions always annealed. In the alloys made of recycled materials usually significant 

cracking of the material occurred already after the first reduction (17.5 mm). After further forging the cracks 

grew larger and the final diameter reached max. 12.5 mm. By contrast, it was possible to forge the alloys, 

5m 5m 

Fig. 5 SEM micrograph of sample C1 Fig. 6 SEM micrograph of sample C2 

TiNi matrix 

TiC 

Ti2Ni 

TiC 

TiNi matrix Ti2Ni 

Fig. 3 SEM micrograph of sample A1. Fig. 4 SEM micrograph of sample A2. 

TiNi matrix TiNi matrix 
TiC 

Ti2Ni 

TiC 

Ti2Ni 
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made of the primary melt, by the technology described above to the diameter of 5 mm without any problems. 

No crack formation was observed during forging. Ti can be therefore stated that the recycled alloys have 

significantly worse formability (and thus technological applicability) than the alloys prepared from the primary 

melts. 

4. CONCLUSIONS 

Four types of experimental alloys were prepared in vacuum induction furnace in graphite crucible. Casting of 

material was performed by centrifugal casting into a graphite mould. The obtained results show clearly that 

the use of recycled charge is not quite suitable. It was found by the measurement of the gas content, that 

recycled alloys usually contain significantly higher contents of gases than the alloys prepared from the 

primary melt. From the perspective of micro-structure the alloys from the primary melt can be also evaluated 

as alloys of superior quality. Recent experiments aimed at formability of this material have also proved the 

fact that the alloys from the primary melt were suitable for forming. It should be noted that recycling of risers 

and of other residues of these materials is not quite suitable. 
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Abstract  

Phase transformations in TIMETAL LCB and their influence on mechanical properties were studied in this 

research. The ageing response of this material was studied by low temperature ageing at 400, 450 and 500 

°C. The evolution of volume fractions of α, β and ω phases during ageing was studied by X-ray diffraction 

(XRD). Mechanical properties were investigated using microhardness measurements and tensile tests. It has 

been proved that metastable ω phase is formed during annealing at 400 and 450 °C. ω particles further 

transform to very fine precipitates of α phase when exposed to annealing for longer time periods. These fine 

precipitates significantly contribute to increase of microhardness and achieving high value of yield stress. 

Keywords: TIMETAL LCB, metastable β titanium alloys, phase transformations 

1. INTRODUCTION  

Titanium and its alloys are of great interest due to their outstanding properties such as high specific strength, 

ductility and excellent corrosion resistance. This makes them ideal for use in automotive and aerospace 

industry as well as for manufacturing biomedical devices and components in chemical processing equipment 

[1]. The only drawback, which hinders wider use in all above-mentioned fields, is relatively high cost of 

titanium. In the last few decades, the importance of β titanium alloys has increased significantly. Metastable 

β titanium alloys retain body-centered cubic structure upon quenching to room temperature, since the solute 

content of β stabilizing elements in these alloys is high enough to suppress the martensitic transformation to 

low temperature α phase with hexagonal close-packed symmetry [2]. Moreover, hexagonal metastable ω 

phase is observed in metastable β titanium alloys in the form of uniformly dispersed submicron particles 

which are coherent with the parent β phase. The particles of ω phase have a significant influence on 

mechanical properties of titanium alloys, as they increase specific strength and hardness but they can also 

embrittle the material [3]. More importantly, ω phase serves as a nucleation site for α phase. The presence 

of ω particles has a great impact on β → α phase transformation during ageing and on the resulting 

microstructure of the material [4, 5, 6].  

This work was conducted on one of the metastable β titanium alloys, TIMETAL LCB (Ti-6.8Mo-4.5Fe-1.5Al, 

in wt.%). The material (10 mm diameter bar) was first solution treated for 30 min at 820 °C. Then, the bar 

was directly quenched to 700 °C and aged for 10 min. This ageing temperature lies in the α + β phase field, 

which caused the α phase to precipitate on the grain boundaries of the β grains. The grain boundary α 

volume fraction was 1.5 and its average thickness was 0.26 μm [7]. This initial treatment was terminated by 

water quenching. To analyze the heating response of the material, the resulting specimens were aged in 

neutral salt baths at 400 °C, 450 °C and 500 °C for ten different times (0.5, 1, 2, 4, 8, 16, 32, 64, 128 and 

256 h). The low-temperature heat treatments were terminated by water quenching to room temperature.  

In this work, phase transformations during low-temperature ageing in one of the metastable β titanium alloy, 

TIMETAL LCB, were studied. The relationship between phase composition and mechanical properties 

(microhardness and tensile properties) was observed and characterized. 
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2. RESULTS AND DISCUSSION 

2.1  X-ray analysis 

The measurement of X-ray diffraction (XRD) was done using a powder diffractometer Bruker D8 Advance 

with focusing Bragg-Brentano geometry. The diffractometer was equipped with a rotational sample holder 

and a laboratory Cu tube operated at 40 keV and 40 mA. The axial divergence of the incident beam was 

controlled by Soller slits. The diffracted beam was detected by Sol-X energy dispersive point detector. 

Following aged samples were selected for X-ray diffraction measurements: 0.5, 1, 2, 4, 16, 64 and 256 h 

aged at 400 °C; 0.5, 1, 2, 4, 8 and 16 h aged at 450 °C and finally 0.5, 1 and 2 h aged at 500 °C. Only three 

samples from the ageing treatment at 500 °C were measured, since no ω phase was detected at this 

temperature. The samples were rotated during signal acquisition in order to minimize the influence of texture 

in the material and to reduce poor statistics due to large grains. The measurements were done in 2θ angle 

range of 32 ÷ 112°. The resulting line profiles (plots of intensity versus 2θ angle) were analyzed using 

MStruct, a free computer program for microstructure analysis from powder diffraction data [8]. 

Analysis of the X-Ray line profiles showed that the ω phase was present in all measured samples aged at 

400 °C (samples aged up to 256 h). At 450 °C, ω particles were detected up to 2 h of ageing. They either 

dissolved or were too small or overlapped by secondary α phase for the system to pick up. The X-Ray 

diffraction showed no evidence of ω phase in samples aged at the highest ageing temperature, 500 °C. 

Volume fractions of individual phases were determined by analysis of the X-Ray diffraction data. The 

dependence of volume fractions on ageing time is shown in Fig. 1 and Fig. 2 for ageing temperatures of 

400 and 450 °C, respectively. 

  
Fig. 1 Volume fractions of α, β and ω phases in 

samples aged at 400 °C 

Fig. 2 Volume fractions of α, β and ω phases in 

samples aged at 450 °C 

2.2  Microhardness measurement 

The microhardness measurements were done using Vickers indentation hardness tester Leco M-400-A. 

A load of 500 g and an indentation time of 10 s were applied. Microhardness measurement was done on 

each aged sample as well as on the two initial states. In order to obtain good statistics, ten indentations 

spaced 0.5 mm apart were made on each sample. The resulting values of microhardness were then 

calculated automatically for individual indentations. Mean and standard deviation of microhardness were 

then computed from the ten indentations. The variations in the microhardness with ageing time for each 

ageing temperature are plotted in Fig 3. 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1594 

 
Fig. 3 Evolution of microhardness with increasing ageing time 

At the lowest ageing temperature (400 °C), initial rapid increase in microhardness was observed in the first 

30 min of ageing. The increase corresponds to the growth of particles of the ω phase, which form strong and 

efficient obstacles for dislocation movement due to their small proportions, homogeneous distribution and 

relatively high volume fraction. With continued ageing the microhardness steadily increases and reaches its 

maximum approximately after 128 h of ageing treatment. The increasing microhardness indicates the 

presence of ω particles and evolution of fine microstructure resulting in age hardening of the material. At 

450 °C, the microhardness reached its maximum much earlier. The highest hardness values are observed 

between 4 ÷ 16 h of ageing. With increasing ageing time, the microhardness decreases slightly and finally 

drops visibly between 128 h and 256 h. The slow decrease suggests the dissolution of ω phase followed by 

coarsening of secondary α phase which was formed by ω → α transformation. The rapid decrease of 

microhardness in samples aged for the longest time (256 h) at 450 °C corresponds to overageing of the 

alloy. At the beginning of ageing at the highest ageing temperature (500 °C), a steep increase in 

microhardness is observed as well. The maximum of microhardness is reached already after 2 h. However, 

the comparison of microhardness variations for all ageing temperatures in Fig. 3 indicates that the maximum 

at the highest temperature is much lower than the respective maxima at lower ageing temperatures 400 °C 

and 450 °C. Overageing and corresponding decrease of hardness was observed for the longest ageing 

times. 

2.3  Tensile testing 

For tensile tests, four heat treated conditions were selected, in particular the specimens aged for 8 and 16 h 

at 450 and 500 °C. These aged conditions were selected based on the results of microhardness and X-ray 

measurements. These samples exhibited high values of microhardness, while the analysis of X-ray spectra 

indicated that there is either none or very little ω phase left in the material. The tensile tests were performed 

at room temperature with the strain rate of 10-4 s-1. The results are summarized in Table 1. The table lists the 

values of ultimate tensile strength (UTS), elongation, yield stress and plastic strain for each tested sample. 

As all measured samples exhibited very low ductility, no necking and subsequent decrease in engineering 

stress-strain curve was observed. Therefore, the ultimate tensile strength corresponds to the fracture stress. 

0.5 
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The elongation was measured by a video extensometer during sample loading. The values of engineering 

yield stress (σ0.2) and plastic strain (εp) in Table 1 were automatically evaluated by the tensile machine 

software. Some of the samples fractured already during the elastic deformation, thus they had no plastic 

strain and the yield stress could not be calculated, which is indicated by N/A in the σ0.2 cells of Table 1. 

Table 1 Tensile properties - ultimate tensile strength UTS, elongation, yield stress σ0.2 and plastic strain εp 

 

The results of the tensile tests show that the material exhibits very high strength in all aged conditions. At 

450 °C overall lower values of ultimate tensile strength (UTS) are observed compared to the samples aged 

at 500 °C. Furthermore, the material aged at 450 °C exhibited brittle behaviour and fractured already in the 

elastic region of the stress-strain curve as evidenced by Table 1. This fact could be attributed to some ω 

phase still present in the samples aged at 450 °C. Since no ω phase was observed in these heat treated 

conditions by X-ray diffraction, this would mean the ω particles are either too small or have too low volume 

fraction to be detected by the X-ray diffraction. 

3.  CONCLUSIONS  

This research was focused on the characterization of the relationships between the evolution of phase 

composition during ageing and mechanical properties of TIMETAL LCB titanium alloy. The main results of 

the present work can be summarized as follows: 

 The analysis of X-ray line pro_les showed the presence of ω phase in all studied samples aged at the 

lowest temperature (400 °C) up to the longest ageing times. A quick dissolution of ω particles at 

450 °C was observed. No ω phase was evidenced in the material aged at 500 °C. Dissolution of ω 

phase particles back to β matrix that accompanies the early stages of α precipitation has been proven. 

 Microhardness measurements were done to characterize the evolution of mechanical properties 

accompanying the ongoing phase transformations during isothermal annealing. The highest values of 

microhardness were reached in samples aged for 400 °C and 450 °C after 256 h and 8 h, respectively. 

The shift of the maximum of microhardness towards shorter ageing times with increasing ageing 

temperature indicated that the onset of the phase transformations (ω phase formation and α phase 

precipitation) leading to higher hardness of the material occurred sooner at higher ageing 

temperatures. 

 Tensile tests performed on selected conditions indicated that the aged material reaches high values of 

the strength; however, the ductility is very low. 
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Abstract 

The iron aluminides with Fe3Al matrix are promising materials for structural applications. The addition of Nb, 

Cr, Zr, Ti, Ta, Mo to the matrix can improve their high-temperature mechanical properties. 

The zirconium and carbon addition to the Fe-Al leads to the formation of zirconium carbide ZrC and other 

phases (e.g. Laves phase (Fe,Al)2Zr, Fe2Zr). These phases could enhance high-temperature mechanical 

properties, if they are formed in an appropriate shape.  

Two alloys with different zirconium and carbon contents were prepared. The influence of the heat treatment 

on the structure of the alloys was studied. The phase composition was determined using a scanning electron 

microscopy (SEM) with energy dispersive analysis (EDX) and XRD phase analysis.  

Keywords: Fe3Al type aluminides, Zr and C addition, phase structure, heat treatment 

1. INTRODUCTION 

The iron aluminides are one of the most promising materials with many advantages, but their mass 

extension has impeded some of their problematic properties. It is primarily a sharp drop in strength above 

600 °C or limited ductility at room temperature [1]. These disadvantages can be improved f. e. by alloying of 

binary alloy [2]. 

The alloying by zirconium may be one of the methods to enhance high-temperature mechanical properties of 

Fe3Al type iron aluminides. Zirconium has a very low solubility in the base binary alloy Fe-Al. Therefore Zr 

easily makes the particles that can reinforce the matrix and improve the mechanical properties of the alloy. 

The beneficial effect of zirconium addition on creep resistance was first reported by McKamey and Maziasz 

[3, 4, 5].  

It is important to monitor not only the effect of Zr addition to Fe-Al alloy, but also the effect of C addition to 

Fe-Al-Zr system. Carbon is present in the raw iron, which is used for the preparation of iron aluminides, or 

may be added to the alloy to improve some properties. Very important effect of carbon on the formation of 

phases in the mentioned alloys has recently been described by several authors [6, 7, 8, 9]. 

It is the purpose of the present paper to study the effect of the ratio c(C)/c(Zr) or respectively of the 

difference c(C) - c(Zr) on the phase structure of Fe3Al-type alloys. Two cases are distinguished: material with 

excess Zr and that one with excess C. 

2. MATERIALS AND EXPERIMENTAL METHODS 

The alloys were prepared by vacuum induction melting and casting. Ingots (20 x 40 x 150 mm) were hot 

rolled to final thickness at 1200 °C in several steps with 15 % thickness reduction in one pass. The chemical 

composition is given in Table 1. Concentrations of technical impurities (coming from the metals used for the 

preparation of the alloys) were: 0.1 at.% Cr, 0.01 at.% B, 0.1 at.% Mn. The alloys composition was selected 
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so that one of them had higher carbon content than zirconium content (FA1143) and the second one had the 

opposite ratio (FA1144). Also the effects of long term annealing (1000 oC/200 hours) and short term (1150 
oC/1 hour) were tested. 

The samples for study of microstructure were oxide-polishing by suspension OP-S only. The structure was 

observed by the light optical microscope Nikon Epiphot 200 (with use Differential interference contrast - DIC). 

The microstructural details and the phase composition were studied by the scanning electron microscope 

(SEM) Tescan Vega XMU equipped by Bruker detector for energy dispersive analysis (EDX) and SEM Zeiss 

ULTRA Plus equipped by Oxford detector for EDX. Also the X-ray diffraction (XRD) was performed. 

Table 1 The chemical composition of the samples  

Sample 
Chemical composition (at.%) 

Fe Al C Zr 

FA1143  balance 25.7 1.7 1.1 

FA1144  balance 25.2 1.6 2.1 

3. RESULTS  

3.1 The characterization of phase structure of FA1143 

The typical phase structure of the as received alloy FA1143 is shown in Fig. 1. The grains have an irregular 

shape and their dimensions are in orders of hundreds of microns. The particles of phases are distributed 

inside the grains and along the grain boundaries. SEM image in BSE mode allows to recognize  
 

 
 

 
 
 

Fig. 1 The structure of alloy FA1143 as received Fig. 2 The detail of particles in alloy 1143 (1150 oC/1h) 
 

 

two phases in the matrix: a) white particles with different morphology - rod like (length about 1 ÷ 4 m) and 

cubic particles (diagonal 2 ÷ 5 m) and b) great dark particles, see Fig. 1. 

The white phase was identified as zirconium carbide ZrC using both the EDX and XRD, see Fig. 3. The dark 

phase (dark elongated areas, 4 to 40 m long or smaller oval areas diameter 4 to 8 m), detail in Fig. 2, was 

determined as perovskite type ε-carbide Fe3AlCx (the result of EDX and XRD analysis), see Fig. 3. 
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Fig. 3 The XRD results of alloy FA1143 as received 

Phase composition is the same after annealing 1150 °C/1h. The long-time annealing (1000°C/200h) effect 

on the phase stability is evident in Fig. 4a. ZrC carbide rod-like particles are partly dissolved, cubic particles 

are distributed not homogeneously in clusters. The perovskite type carbide Fe3AlCx is partly dissolved too. 

Dark perovskite needles are much smaller (length up 10 m, 1 m wide) than before annealing - section in 

Fig. 4b. 

  

Fig. 4a The structure of alloy FA1143 after  
annealing (1000 °C/200 h) 

Fig. 4b The detail of small dark perovskite particles  
(like - needle) - magnified in the section 
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3.2 The characterization of phase structure of FA1144 

The structure of FA1144 alloy is characterized by several types of particles inside of grain and along grain 

boundaries. SEM image in BSE mode provided better imaging of this phase, Fig. 5a. The phase was 

identified by EDX analysis and by X-ray diffraction as ZrC (white cubic particles) and Laves phase 1 

(Fe,Al)2Zr (bright-gray oval-shape fine particles arranged in a necklace configuration - see the detail of phase 

in Fig. 5b). Also Laves phase 1 (Fe,Al)2Zr particles with ZrC core were observed (Fig. 5b). 

 
 

 
 

Fig. 5a The structure of alloy FA1144 as received Fig. 5b The detail of chain particles and particles  
with ZrC core in alloy FA1144 as received 

Phase composition and its configuration is the same after annealing 1150 °C/1 h. The effect of the annealing 

for 200 hours at 1000 °C is more evident. There are the clusters of cubic ZrC particles in the structure, see 

Fig. 6a. Fine particles of 1 (Fe,Al)2Zr with ZrC core appeared most frequently in the structure, Fig. 6b. 

Phase determination was verified by EDX analysis, the comparing of matrix, Laves phase and ZrC spectra is 

given in Fig. 7a, b. 

  

Fig. 6a The structure of alloy FA1144 (1000 oC/200  
hours) 

Fig. 6b The detail of fine 1 particles with ZrC  
core in alloy FA1144 (1000 oC/200 hours) 
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Fig. 7a Localities of point spectra Fig. 7b Point spectra of matrix (red line), Laves phase 
(blue) and ZrC (yellow) particles in comparison 

 

4. DISCUSSION AND CONCLUSIONS 

Structure of the tested alloys 1143 and 1144 can be summarized as follows: the prevailing phase, i.e. the 

higher volume fraction in both alloys depends on value of the ratio c(C)/c(Zr). For values > 1, based on he 

afinity of Zr to C ZrC is the prevailing phase. The rest of C forms the ε-carbide. On the other hand for ratio 

c(C)/c(Zr) <1 Zr left (over Zr/C = 1) forms λ1 (Fe,Al)2Zr.  

Very important effect of C on the formation of phases in the mentioned alloys was recently noticed [3-9]. It is 

interesting that even small concentrations of carbon (e.g. in raw iron) can be important. Kratochvíl et al. [6, 9] 

tested Zr as an additive to Fe3Al-type alloy to enhance the high temperature tensile and creep properties. 

The particles both of Laves phase λ1 (Fe,Al)2Zr and of ZrC were identified. 

Recently Kratochvíl et al. [10] mentioned the presence of ZrC also in the structure of Fe-30Al-xZr alloys  

(x = 0.4 ÷ 5.0) together with 1 (Fe,Al)2Zr and with τ1 (Fe,Al)12Zr. 

The presence of particles of both phases ZrC and 1 (Fe,Al)2Zr in both alloys of the size described in the 

present paper influences the hardening Fe3Al iron aluminide very little. It is but well known that the presence 

of small size precipitates of the mentioned phases [6, 9] do exist in the alloys of very similar composition. It 

will be the future task to verify the presence of tiny precipitates of both phases also in the high temperature 

deformed alloys 1143 and 1144.  

It was also the purpose of the present investigation to confirm the same phase composition as it was 

observed in alloys with the addition of chromium (~ 4 ÷ 5 at.%), which is the corrosion reducing and room 

ductility enhancing additive. It was also shown that the carbon as an additive can lower the influence of Zr 

(by the formation of ZrC) on the corrosion resistance of iron aluminides [11].  

The high temperature annealing is the contribution to the testing of the long term stability of the phases for 

the use alloys of the tested type as a structural material for high temperature use (see also the not about 

corrosion above). 
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AZ31 PREPARED BY SEVERE PLASTIC DEFORMATION METHOD 
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Abstract  

Ultrafine-grained (UFG) magnesium materials offer unique properties, for example high strength-to-weight 

ratio or improved corrosion resistance. Severe plastic deformation methods are very efficient for 

manufacturing UFG compact bulk material. Namely equal-channel angular pressing (ECAP) and high 

pressure torsion (HPT) currently attract significant attention of material science community. This contribution 

summarizes experimental study of UFG magnesium alloys. Investigation utilized light microscopy, scanning 

electron microscopy, microhardness measurements and other techniques. Results are discussed in light of 

other experimental studies. 

Keywords: Ultrafine-grained materials, severe plastic deformation (SPD) techniques, magnesium alloys 

1. INTRODUCTION 

Severe plastic deformation (SPD) techniques are attractive because they lead to very significant grain 

refinement to the submicrometer or even the nanometer level [1]. Ultrafine-grained (UFG) materials 

processed by SPD offer unique properties, for example better mechanical properties or corrosion resistance. 

A variety of special techniques are used for the production of bulk (UFG) materials, e.g. equal channel 

angular pressing (ECAP) [1], high pressure torsion (HPT) [2, 3], accumulative roll-bonding (ARB) [4], twist 

extrusion [5] or multi-directional forging [6]. Among these techniques, which introduce SPD in the material, 

the HPT is a very efficient method of grain refinement [7]. HPT was also successfully applied for producing 

consolidated metal powders [8]. On the other hand, ECAP is quite an easy and widely-used SPD technique. 

Magnesium and magnesium alloys have hexagonal lattice which results in difficulties with SPD processes 

and requires precise optimization of several process parameters [9]. Temperature is one of the most 

important conditions [10]. At room temperature, the basal slip is mostly activated in magnesium [11]. 

Because of fewer number of slip systems in hexagonal closed packed lattice, basal slip does not offer five 

independent slip systems which are required for uniform deformation according to von-Mises criterion [12]. 

The deformation twinning provides additional independent deformation mode at room temperature. At 

elevated temperatures, the critical shear stresses for prismatic and pyramidal slip systems reduce 

significantly and the twinning contribution becomes less crucial [13, 14].  

The objective of this work is to sum up, correlate and discuss various properties of UFG magnesium alloy 

AZ31 processed by extrusion (EX) and subsequently by ECAP (EX-ECAP). 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

AZ31 magnesium alloy (composition in weight %: Al - 3.623, Zn - 1.361, Mn - 0.29, Ca - 0.180, Cu - 0.004, 

Fe - 0.003, Ni - 0.002, Si - 0.0014, and the rest is Mg) was used in this investigation. The extruded material 

was prepared from as-cast state by extrusion at 350 °C with the extrusion ratio of 22. The ECAP conditions 

needed to be optimized to obtain compact specimens without surface cracking. These optimal conditions 

were found: pressing temperature of 180 °C, pressing speed of 50 mm·min-1, MoSi lubricant. The billets with 

dimensions of 10×10×100 mm were ECAPed through a 90° die via route BC for various numbers of passes. 

mailto:vratna.jitka@gmail.com
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Microstructure was investigated using light microscopy and scanning electron microscopy. Mechanical 

properties were studied using Vickers microhardness (HV0.1) measurements. Dislocation density was 

measured by positron annihilation spectroscopy. A 22Na2CO3 positron source with the activity of 1.5 MBq 

was used in positron lifetime measurements. The source spot with diameter of 1 mm was deposited on a 2 

m thick Mylar foil and sealed between two identical specimens of the studied material. 

3. RESULTS AND DISCUSSION 

Microstructure of the extruded (EX) and EX-ECAP material is shown in Fig. 1 a and b, respectively. 

Microstructure and texture of this material was studied in detail in Janecek et al. [15] using electron 

backscatter diffraction (EBSD) and transmission electron microscopy. The extruded material contains large 

grains of 50 ÷ 100 m mixed with relatively fine grains of 2 ÷ 10 m. Structure of the alloy after 1 and 2 EX-

ECAP passes is also bimodal. On the contrary, microstructure of the EX-ECAP alloy after 4 passes in nearly 

homogeneous. Average grain size is approximately equal to 1 m, which is smaller than the grain size of the 

same material processed by ECAP only [16]. Finally, microstructure of the EX-ECAP material after 8 and 

more passes is homogeneous but the probability of crack formation may increase. 

 

a) 

 

b) 

Fig. 1 Microstructure of the AZ31 alloy processed by a) extrusion and b) extrusion and 4 passes of ECAP 

(EX-ECAP); plane perpendicular to the pressing direction, scanning electron microscopy (SEM), 

magnification 4000× and 15000×, respectively 

Results from the microhardness measurements depending on the number of EX-ECAP passes are 

published in Vratna et al. [17]. The value of microhardness increases up to the fourth pass and then declines 

continuously with increasing strain. We can correlate these results with dislocation densities shown in [18].  

During ECAP processing, dislocation density increases and reaches its maximum in the sample subjected to 

2 EX-ECAP passes. However, further ECAP processing leads to a gradual decrease of dislocation density. 

This fact indicates probably recovery of dislocation structure connected with development of UFG structure. 

Grain refinement seems to have more major impact on microhardness than dislocation density in this stage 

of processing. Corrosion resistance is other interesting point of view in this investigation which plays an 

essential role in applications. Corrosion properties, studied in detail in diploma thesis [19] and published in 

[20], depend significantly on the number of EX-ECAP passes. Corrosion resistance of the alloy after 4 EX-

ECAP passes at room temperature in standard 0.1 M NaCl solution is very good but only at shorter 
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immersion times (< 1 day). Material after 8 EX-ECAP passes shows good corrosion resistance not only at 

shorter immersion times but also at longer immersion times (≈ 3 days and more). This investigation indicates 

that the homogeneity of microstructure is a determinative factor for good corrosion resistance. 

Structure stability at elevated temperatures is another factor influencing applicability of this UFG material. 

Some of the results are shown in [21]. Dependence of microhardness on annealing temperature is shown in 

Fig. 2. The samples were annealed for 1 hour at various temperatures. 

 

Fig. 2 Dependence of microhardness on temperature during 

isochronal annealing (for 1 hour) 

One can see that microhardness value does not change until the temperature reaches about 170 ÷ 190 °C. 

Significant decrease of microhardness was observed between 170 and 230 °C and then between 400 and 

450 °C. The first decline of microhardness could be caused primarily by recovery process - migration of 

dislocations into grain boundaries, their rearrangements or mutual annihilation of dislocations with opposite 

sign. These processes occur commonly at homologous temperatures (T/TM) 0.3 ÷ 0.5. Melting temperature 

(TM) of pure magnesium is equal to 650 °C (TM (AZ31) ≈ 636 °C [22]). At higher temperatures, the process of 

grain growth and recrystallization occurs. Microstructure of annealed specimens is shown in Fig. 3. 

4. CONCLUSIONS 

This paper summarized, correlated and discussed various properties of UFG magnesium alloy AZ31 

processed by extrusion (EX) and subsequently by ECAP (EX-ECAP). Microstructure was studied using 

scanning electron microscopy (see Fig. 1) and the results were correlated with other important properties 

(mechanical properties, dislocation density and corrosion resistance). Structure stability at elevated 

temperatures was studied using microhardness measurements (see Fig. 2) and microstructure observations 

(see Fig. 3). We demonstrated that the microhardness value does not change until the temperature reaches 

about 170 ÷ 190 °C. Two significant decreases of microhardness were observed in the temperatures 

between 170 and 230 °C and then between 400 and 450 °C. These changes were caused mainly by 

recovery processes and grain growth, respectively. 
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a) 

 
b) 

 
c) 

 
d) 

Fig. 3 Microstructure of the AZ31 alloy processed by extrusion and 4 passes of ECAP (EX-ECAP) annealed 

for 1 hour at a) 210 °C, b) 300 °C, 400 °C (all SEM, magnification 8000×) and d) 500 °C (light microscopy, 

polarized light, magnification 500×) 
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Abstract  

IN713LC is a nickel-base casting alloy developed for applications requiring high strength at elevated 

temperatures. Its balanced composition provides a good combination of tensile and creep-rupture properties 

as a result of gamma-prime strengthening enhanced by solid solution and grain-boundary strengthening. 

IN713LC alloy performs a good castability. Castings are used in as-cast state, without heat treatment. 

Currently, this alloy is used widely, for example, for manufacturing of turbine wheels in turbochargers. 

Recently, customers demand the production of increasingly larger parts of impellers than before. This 

requirement has resulted in a greater weight of castings and thus different conditions during solidifying and 

cooling of the castings. Therefore modified castings microstructure arises. 

When approving the castings, mechanical values are measured by tensile test on test samples made from 

the centres of the castings. These test samples often exhibit lower values than required, in particular the 

rupture strength and elongation at room temperature. The presence of brittle niobium carbides in the 

structure of the alloy was identified as the main cause of this situation, which originated as a result of the 

slow cooling rate. Test samples made from fast cooled castings show significantly higher mechanical 

properties at room temperature. 

Keywords: superalloys, microstructure, mechanical properties, carbides 

1. INTRODUCTION 

IN713LC is a nickel-base casting alloy developed for applications requiring high strength at elevated 

temperatures. Its balanced composition provides a good combination of tensile and creep-rupture properties 

as a result of gamma-prime strengthening enhanced by solid solution and grain-boundary strengthening. 

IN713LC alloy exhibits a good castability. Castings are used in as-cast state, without heat treatment. 

Currently, this alloy is used widely, for example, for manufacturing of turbine wheels in turbochargers. 

Recently, customers demand the production of increasingly larger parts of impellers than before. This 

requirement has resulted in a greater weight of castings and thus different conditions during solidifying and 

cooling of the castings. Therefore modified castings microstructure arises. 

When approving the castings, mechanical values are measured by tensile test on test bodies made from the 

centres of the castings. These test samples often exhibit lower values than required, in particular the rupture 

strength and elongation at room temperature. Our aim is to find the origin of low mechanical properties of the 

casting. 

2. EXPERIMENTAL 

The chemical composition of the IN713LC alloy is given in Table 1. 
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Table 1 Chemical composition (in wt.%) of the IN713LC alloy 

 Cr Ti Al Mo Ta Nb Fe Si Mn C Cu Zr B Ni 

Min. 11.0 0.4 5.5 3.8 0.75 0.75 0 0 0 0.03 0 0.05 0.005 Bal. 

Max. 13.0 1.0 6.5 5.2 1.10 1.10 0.5 0.5 0.25 0.07 0.5 0.1 0.015 Bal. 

Castings were vacuum investment cast in PBS Velká Bíteš foundry. Two types of castings were examined. 

First one from the centre of large heavy turbocharger rotor, second one from small light and rapidly cooled 

casting. Experimental work consisted of tensile test at room temperature and consequent metallographic 

(light metallography - LM) and fractographic analysis (scanning electron microscopy - SEM). Grain size, 

gamma prime phase size, amount of casting defects and carbides were determined. 

3. RESULTS 

Experimental results of two different castings are given in Table 2. Interesting and important structural 

features are documented in following Figs. , see Figs. 1 to 6. 

Table 2 Mechanical and structural properties of different casting of the IN713LC alloy 

Casting  
Rp0.2 

[MPa] 
Rm 

[MPa] 
A [%] 

Grain 
size 
[mm] 

Void fraction on 
fracture [%] 

Void fraction on 
section [%] 

Carbides fraction 
on section [%] 

heavy average 718.5 762.8 1.60 1.78 0.00 0.0125 0.80 

 dev. 9.88 10.81 0.41 0.24  0.0077 0.05 

light average 885.0 952.0 4.47 1.91 4.10 0.27 0.47 

 dev. 6.00 30.59 1.75 0.12 1.07 0.12 0.07 

Heavy castings exhibit rather low mechanical properties, especially elongation. Investigation of 

metallographic sections and fractures shows very low void fraction, but large amount of carbides, see 

Figs. 1 to 3. Intergranular cracks are found, which were caused by long needle-like particles (2 ÷ 3 μm thin, 

50 ÷ 100 μm long), identified by EDS as niobium carbides. Rather small grains are result of intentional mould 

shaking during casting. 

Light castings exhibit rather high mechanical properties, included elongation. Metallographic and 

fractographic analysis shows quite large casting voids and small carbide fraction, see Fig. 4 to 5. Most of the 

fracture surface is covered by marks of ductile fracture. 

  

Fig. 1 Etched (left) and nonetched (right) longitudal metallographic section of tensile test specimen made of 

heavy casting‘s central part 
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Fig. 2 Needle-like grain boundary carbides. Light metallography, etched (left), SEM - back scattered 

electrons Compo (right) 

  

Fig. 3 Broken needle-like grain boundary carbides on fracture surface, SEM. Secondary electrons (left), 

Back scattered electrons Compo (right) 

  

Fig. 4 Etched longitudal metallographic section of tensile test specimen made of light casting (left). Casting 

voids found preferentially on grain boundaries, (right) 
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Fig. 5 Dark casting voids on the fracture surface (left). Fracture surface with ductile dimples (right) - SEM 

  

Fig. 6 Gamma prime phase particles morphology from heavy (left) and light casting (right) - SEM 

Stereographic analysis of gamma prime phase particles was also performed. Mean volume fraction was 

found around 69 % in both castings. Gamma prime phase particles found in light castings are apparently 

smaller, see Fig. 6, mean particle size is 0.5 μm, than in large castings where gamma prime phase particles 

mean size was found to be 0.9 μm. 

4. DISCUSSION 

Results show that low mechanical properties of large castings are caused by large gamma prime phase 

particles and presence of long needle-like intergranular carbides, where fracture begins [1].  

Light castings contain smaller particles with mean particle size 0.5 μm. This value is considered as optimum 

for cast nickel-base superalloys [2]. Absence of needle-like carbides results in higher value of elongation (A) 

and rupture strength (Rm). Correlation of these properties arises from given stress-strain curve, see Fig. 7. 

There is a linear stress strain correlation in plastic deformation region in case of cast nickel-base superalloys 

almost until fracture. Thus Rm and A values are closely connected. When alloy tends to deform easily, these 

values are high. When brittle obstacles for dislocation movement occur, Rm and A values are rather low. 

Interesting feature is presence of large casting voids in light castings caused probably by shrinkage during 

rapid cooling. The microstructure without carbides performs higher fracture toughness [1], thus mechanical 

properties are improved than in the case of large castings even in presence of such casting voids.  
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Similar differences in mechanical properties of castings prepared at different solidifying and cooling 

conditions were observed in literature [3]. 

 

 

 

 

 

 

 

 

 

Fig. 7 Stress-strain curve of IN713LC light castings 

CONCLUSION 

Heavy IN713LC nickel superalloy castings were investigated. It was shown, that room temperature tensile 

properties are directly influenced by castings microstructure and thus solidifying and cooling conditions. Most 

important microstructure features are presence of long needle-like niobium carbides and gamma prime 

phase mean particle size. 
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Abstract  

This paper analyzes a particular case of micro-cracking and breaking of a titanium alloy (titanium grade 2) 

horn used for ultrasonic processing of polymeric materials in the automotive industry. The specialized 

ultrasonic equipment, working at 20 kHz frequency (20,000 oscillations per second) and with an output 

power of 2500 W was used for joining car armrests. 

The mechanical stresses to which the titanium alloy horn has been submitted, the usage time and/or its 

improper exploitation lead, after 6 months, to the emergence of micro-cracks. Their propagation in the 

maximum amplitude plane of the horn has caused its disuse. 

The paper presents macro-structural characterization of the material fracture area, design and manufacturing 

process of the ultrasonic assembly components by using specialized software (C.A.R.D.), material choosing 

criteria, frequency and amplitude required in order to obtain strong joints and recommendations for 

increasing lifetime and safe use of the ultrasonic components. 

Keywords: ultrasounds, titanium horn, joining process, micro-cracking 

1. INTRODUCTION 

Titanium and its alloys possess many beneficial characteristics including excellent mechanical properties, 

unrivalled corrosion resistance and outstanding biocompatibility. This is why their usage is found in many 

different fields varying from industrial and automotive to medical and consumer applications [1]. 

Crack initiation is a term used differently by scientists studying fatigue in the laboratory and engineers 

designing and maintaining structures. To the scientist, initiation is the number of cycles required to generate, 

nucleate, or form the smallest crack that they can detect by any means [2].  

The materials failure including wear, corrosion and fatigue is well known to be dependent on the material 

surface state [3]. 

To gain insight into the interaction between foreign object damage and fatigue behaviour, a number of 

experimental and computational studies have been carried out in the last decade. The analysis of fatigue 

behaviour due to foreign object damage is a complex topic, which brings together impact mechanics, fracture 

mechanics and fatigue analysis [4]. 

2. EXPERIMENTAL 

In order to analyze the micro cracking of the horn used for polymer ultrasonic joining, it is important to know 

the characteristics of the material employed for manufacturing the horn, its design, execution and 

characterization in terms of shape, dimensions and loadings arising in the material submitted to ultrasonic 

micro vibrations and also to present some data about the equipment used during polymer ultrasonic bonding 

in the automotive industry. 

mailto:alin_sirbu@yahoo.com
mailto:octavian.oanca@yahoo.com
mailto:iserban@isim.ro
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2.1 Material - Titanium grade 2 

Materials used for manufacturing the ultrasonic assembly parts must hold a number of qualities, taking into 

account the environment and the loadings at which they are subjected. 

The material used for manufacturing the horn represents a compromise between ultrasonic and application 

needs. Materials employed are characterized by low internal friction, so that they oppose low inertia to 

vibration transmission, causing at the same time minimum amortization of these vibrations. So far, high 

strength and low internal friction titanium is considered the best material in horn manufacturing. Besides 

titanium, other materials employed are: titanium alloys (TiAlV64), steel, stainless steel, strong ceramics, 

aluminum and its alloys (AlCuMg2, AlCuMgPb, and so on). Many other materials can be used but with high 

risk of power loss. It is also noted that the application can dictate the type of material employed for 

manufacturing the ultrasonic assembly parts. 

The material used in the project is titanium grade 2 alloy in cylindrical form. Physical, mechanical and 

chemical properties of the titanium grade 2 alloy at room temperature are presented in Table 1 [5]. 

Table 1 Physical, mechanical and chemical properties of the TiGr2 alloy 

Physical properties 

 Density  4.51 g/cm3 

Mechanical properties 

 Hardness, Rockwell B / Vickers 80 / 145 

 Tensile Strength, Ultimate  344 ÷ 480 MPa 

 Tensile Strength, Yield  276 ÷ 448 MPa 

 Elongation at Break 20 % 

 Reduction of Area 30 % 

 Modulus of Elasticity  103 GPa 

 Compressive Modulus 110 GPa 

 Poissons Ratio 0.37 

 Fatigue Strength 300 ÷ 425 MPa 

 Fracture Toughness  66 MPa·m½ 

 Shear Modulus 45 GPa 

Chemical properties 

 Titanium, Ti  ≥ 98.885 % 

2.2 Ultrasonic horn 

Horn design as well as the whole ultrasonic joining equipment must take into account the industrial 

application for which it is built, i.e. optimal choice of mechanical and electrical characteristics, shape and size 

of the entire ultrasonic joining equipment. 

The specialized horn design was fulfilled by means of dedicated software (CARD). Given the horn material 

and generator features, application and all ultrasonic assembly components particularities, the horn form and 

dimensions were delivered by CARD together with its overall characterization (variation chart of mechanical 
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oscillation amplitude along the horn and internal stress variation graphic along the TiGr2 horn). Special 

attention was paid to the horn micro cracking initiation area and later to its failure and decommissioning. 

Fig. 1 shows the horn shape and dimensions, main stresses graphics and values (vibrations amplitude and 

internal stress) in the horn failure plane - red dotted area at 112 mm from the horn bottom. 

 

 Fig. 1 Horn characterization by simulation using the CARD program  

a - Relative amplitude variation curve along the horn; b - Curve of variation of internal stress along the horn 

c - Design and shape of the horn by simulation 

The theoretical characterizations of horn obtained by simulation and used in the experimental program are 

presented in Table 2 and the ultrasonic assembly after designing in specialized software is presented in Fig. 

2. 

Table 2 Horn characterization  

Component Specialized Horn 

Material type TiGr2 

Sounds velocity [m/s] 4618 

Horn length [mm] 142 

Resonance frequency [kHz] 20 

Horn gain / Quality factor Q 3.05/26000 

Coordinate of oscillation node [mm] 54.8 

Maximum stress [MPa/mm] 
At 30 µm 

output 

78/122 

Total strain energy [J] 1.73x10-4 

Dissipated power [W] 8.4x10-4 

2.3 Equipment for ultrasonic joining 

Previous cooperation approached a wide range of ultrasonic joining applications for different types of 

materials such textile reinforced plastics bonded to a polymeric support. 

a - Variation of the relative amplitude 
along the horn length 

b - Curve of variation of internal stress 
along the horn length 

c - Design and shape of the horn 

 69 µm 

 64 N/mm2 

 90 µm 

 78 N/mm2 
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The plastic support - polypropylene (PP), polycarbonate (PC) or acrylonitrile-butadiene-styrene (ABS) - 

represents the base material of the assembly over which the cover material - artificial leather (polymer with 

textile fiber) - is inserted by means of special adhesive and ultrasonic edge bonding. This ultrasonic 

strengthening operation is specific to the armrest manufacturing in automotive industry. Fig. 3 shows a car 

armrest covered with ecological leather which was ultrasonic edge bonded, while Fig. 4 presents the 

specialized ultrasonic equipment for polymeric materials joining which has performed these bonds. 

3. RESULTS AND DISCUSSION 

3.1 Effect of frequency 

Working frequency is dictated by the application to be performed and by the frequency of the ultrasonic 

generator available. Lowest frequency used is usually 20 kHz. At this frequency, energy transfer and 

activation efficiency are optimal. Effect of the mechanical micro-vibrations, in time, can lead to damage by 

fatigue of the horn (sonotrode). The material and design of the horn were chosen in order to resist at least 2 

years in normal work conditions. 

3.2 Effect of the damage on the horn surface 

        

Fig. 2 Shape and dimension of specialized ultrasonic assembly 

     

Fig. 3 Car armrest joined by ultrasounds 

 
 

 Fig. 4 Specialized equipment for ultrasonic joining of polymeric materials 
1- Ultrasonic generator (P = 2500 W and f = 20 kHz); 2 - Specialized devices with mechanical resonator 

assemblies; 3 - drive foot controller 
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Macroscopic analysis of the horn failure surface attests the fatigue failure characterized by parallel 

propagation steps (Fig. 5a), while the detail view from Fig. 5b highlights a fragile area which basically 

represents the horn final failure. 

 a.  b. 

 Fig. 5 Macroscopic analysis of the horn failure 
a - breaking area at the horn surface of titanium alloy (TiGr2) 

b - detail breaking area the horn surface of titanium alloy (TiGr2) 

An imperfection - pinch - (red dotted area in Fig. 1), occurred due to improper handling of horn, was detected 

on its surface at 112 mm distance from the bottom. This pinch, while subjected to micro vibrations of 

ultrasonic frequency (20 kHz - 20,000 oscillations per second), amplitude in failure plane of 69 µm and 

internal tensions of 68 N/mm2 determined the crack initiation and lead to the failure of the horn (Fig. 6) as 

initial failure. 

 
Fig. 6 Imperfection at the horn lavel 

Samples surfaces from Fig. 7 highlight that 70 % of the total failure area is characterized by fatigue failure, 

while 30 % by brittle fracture. 

  

Fig. 7 Macroscopic analysis of the horn surfaces in the failure area 
a - corresponding macroscopic view from the top sonotrode area 

b - corresponding macroscopic view from the base horn area 

Under these conditions, it can be said that the ratio of 0.73 between brittle fracture and fatigue failure is high, 

fatigue failure being the main cause of horn degradation. 
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4. DISCUSSION 

Material from which the horn has been manufactured as well as its shape and dimensions, were correctly 

chosen, taking into account the loadings to which it has been subjected. TiGr2 tensile strength (344 MPa) 

was higher than the maximum one obtained by simulation load (78 MPa), while the vibration amplitude was 

high enough (90 µm / 2500W) to achieve resistant bonds. 

Horn failure occurred after 6 months of operation during normal working hours (8 hours/day) with a 

productivity of 50 armrests made in an hour. The failure was not obtained as a result of normal use of the 

sonotrode (optimum welding parameters and appropriate handling of all equipment), but because of its 

misuse. A defect (pinch), as a result of an accidental collision with an extremely hard object, was detected on 

the outer surface of the sonotrode, at a distance of 112 mm from its bottom and caused the failure of the 

sonotrode and its decommissioning. This pinch, initially manifested on a 1.48 mm area of and then on the 

whole section of the TiGr2, represented the concentrator needed by the sonotrode so that the micro cracking 

and then the material failure could occur for the ultrasonic joining application characterized by a frequency of 

20,000 Hz (equivalent to 20,000 oscillations per second) and an equivalent amplitude of 69 µm in the pinch 

plane. In normal work conditions, for ultrasonic applications, breaking fatigue is possible to manifests in the 

top area of sonotrode, in the tread pattern area there where the vibration amplitude is maximum. 

5. CONCLUSION 

Not only appropriate choice of the ultrasonic generator materials and components is of great importance for 

ultrasonic active applications, but also their machining (all exterior surfaces of ultrasonic assembly parts 

mustn’t have right angles, while their roughness - Ra - must be at least 1.6 µm), operation and maintenance. 

In the present application, micro cracking and later cracking and sonotrode decommissioning didn’t occur 

due to inappropriate choice of material or ultrasonic generator characteristics, resonant frequency amplitude 

or sonotrode usage time, but as a result of sonotrode misuse in operation, which calls for better training of 

technical personnel. 
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Abstract  

So called short run manufacturing environment exists in many industrial branches including metallurgy now. 

The bar rolling is a typical short run (SR) process. Conventional methods for statistical process control (SPC) 

and capability analysis do not work in SR processes. This paper deals with the complex and effective 

application of statistical process control using the target control charts. Adequately adapted methods of the 

capability/performance analysis in conditions of the metallurgical process and solutions of practical problems 

arising during the statistical analysis of the real data are shown. 

Keywords: process capability analysis, short run/low volume manufacturing, target chart, variance 

homogeneity tests, normalizing transformation 

1. INTRODUCTION  

Short run (SR) environment is typical for many industrial branches including metallurgy nowadays. SR 

processes are characterized by a quite wide variety of mixed products with smaller lot or batch sizes. These 

conditions have resulted from the growing product customization, higher and higher production flexibility and 

larger stress put on the high quality and low costs. Conventional methods of statistical process control (SPC) 

and capability analysis do not work in SR processes. The main reason is an insufficient amount of data 

needed to calculate reasonable control limits in control charts. Sometimes the problem of too many control 

charts must be solved. SPC must be modified for SR conditions so that the meaningful information can be 

obtained from data and the effective process control and improvement can be realized.  

During the application of SPC various technical, statistical, methodical, organizational and economic factors 

are taken into account and SPC is implemented in the frame of the following four phases as a problem-

solving process: the preparatory phase (phase I), the phase of verification and ensuring the process 

statistical stability (phase II), the phase of verification and ensuring the process capability, and the phase of 

ongoing statistical process control (phase IV). Effective application of SPC leads to the process 

improvement, e.g. to reducing of its variability, and reveals the potential for next improvements [1].  

The main goal of this paper is to design a complex and effective approach to application of SPC modified for 

the repetitive SR processes, i.e. processes where “many small lot sizes of similar parts are manufactured on 

the same machine or production line without major setup operations” [2] or in other words where “the same 

general setup is used with relatively minor modifications needed to accommodate different parts” [3]. Its 

practical applicability has been proved in conditions of the profile bars rolling. Demonstration of the process 

improvement can contribute to wider utilization of statistical methods in the process control in nonstandard 

conditions of many SR processes including metallurgical processes. 

2. DESCRIPTION OF THE MODIFIED APPROACH  

In this chapter the complex approach to effective application of SPC in conditions of SR processes is 

presented. The general approach to SPC is modified in three main aspects: 

 special SR control charts are used, 

mailto:darja.noskievicova@vsb.cz
mailto:jarosova@is.savs.cz
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 checking of important assumptions is included, 

 modified capability or performance indices for SR conditions are utilized. 

2.1  Short Run SPC methods  

Up to now, a lot of control charts for special SR conditions have been designed. Works dealing with the 

application of SPC in the batch production with the accent put on the data transformation methods have 

been reviewed by Al-Salti and Statham [4]. Tang [5] offers a more exhaustive and updated review. According 

to one of the original approaches the control limits are adapted to the small number of subgroups. Some 

authors suggest that the processes are controlled irrespective of the type of products. This approach is 

based on transformation of data from different processes so that only one common control chart for a variety 

of parts with different nominal dimensions and tolerances can be used. Two ways of transformation are 

considered; deviations from the target (control charts applied to these deviations have various names, such 

as target control chart, difference chart, DNOM chart, nominal chart, code value chart) and standardized 

observations (charts called standardized control charts, SR charts, stabilized charts). The advantages of the 

approach are as follows: 

 minimization of the number of control charts, 

 providing a sufficient number of samples for setting control limits, 

 monitoring and controlling the whole production process, not only its particular outputs, 

 distinguishing between assignable causes influencing the whole process and those having influence 

on the production of particular products.  

As follows from [5], many other approaches and methods of control charting were developed for the SR 

processes. But not all the methods published in literature are suitable for practical application. Some of them 

lack a solid description of their properties, emphasising advantages and suppressing drawbacks, or they are 

too complicated and have no SW support. With regard to their simplicity and practical usability, the target 

control charts and standardized control charts were chosen for application of SPC in conditions of the SR 

repeated processes. In the next paragraph only the target control charts will be considered because this 

charting method is applied in the following case study. The description of the standardized control charts and 

their properties can be found for instance in [6] - [9]. 

Target control charts are based on deviations of original measurements x from the target value for the z-th 

product T(z) (typically the middle of the two-sided specifications), i.e. y = x - T(z). Traditional Shewhart charts 

(chart for individuals and moving ranges chart, x-bar chart and range chart or standard deviation chart) are 

applied to these deviations. The target chart is very easy to apply but it works effectively only when some 

assumptions are true: 

 transformed values should be normally distributed, especially when individual measurements are 

considered, 

 process variance must be approximately the same for all parts. 

It is mainly the latter assumption which is emphasized in literature (see e.g. [10]) because it influences the 

choice of a suitable chart. 

2.2 Methods for evaluation of the variation representativeness  

Apart from constant variation in subgroups taken from individual processes the homogeneity of variances in 

samples represented by different products must be checked. Some of well-known homogeneity tests that 

can be found in literature (see for instance [11] - [16]) are mentioned here. They differ in their power or in 

conditions of their use. Their choice is usually determined by the SW used (not all the tests are available in 

every SW product). The main advantages and disadvantages of the selected tests are specified in Table 1. 
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Table 1 Methods for evaluation of the variation homogeneity 

Test Advantages Disadvantages 

Bartlett´s 
available in many SW products, 

doesn‘t require equal sample sizes 

sensitive to violations of normality, 

sample sizes should be greater than 6 

Levene´s 

Brown-Forsyth´s 

O'Brien´s 

available in many SW products, 

robust to departures from normality, 

do not require equal sample sizes 

not available in every SW 

Cochran´s 

Hartley´s 

easy to apply 

 

vulnerable to violations of normality, 

require equal sample sizes, 

special tables of critical values required 

2.3 Modified capability or performance indices  

In comparison with the number of papers and other literature dealing with control charts for SR 

manufacturing, only few authors solve the problem of the capability analysis for SR conditions, see [7], [8], 

[17] [18]. Based on the analysis of the approaches in these works the SR capability indices can be divided 

into four groups (see Table 2). 

Table 2 Types of capability indices for SR processes 

Type Basic characterization 

A Capability indices Cp, Cpk for the processes with consistent variation for all products; 

indices computed from transformed data [8] 

B Capability indices Cp, Cpk for the processes with non-consistent variation of all 

products [7] 

C Capability indices Cp, Cpk based on the unification of the different tolerances [17] 

D Capability indices Cpm and capability run chart [18] 

Under the assumption of normality well-known capability or performance indices Cp and Cpk (or Pp and Ppk) 

can be used for type A and B. They are determined separately for each product and either the estimate of 

sigma obtained from the target chart (type A) or different estimates for various products (type B) are used. 

The estimate of sigma depends on the corresponding chart for the process variation control. Once the 

control limits in the target chart have been computed, they can be utilized in capability index estimation. 

Estimates of Cp and Cpk of type A can be computed as follows: 
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Capability indices are reasonable when the process is really stable; otherwise performance indices should 

be used. The difference between these two types of indices consists in the way of estimating sigma in 

denominator. Estimates of Pp or Ppk (Eq. 2) are based on the overall variation: 
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TOTσ  is the total process standard deviation, estimated using the sample standard deviation calculated from 

all observations (or deviations from targets) if type A is considered.  

Indices Pp and Ppk are also determined in the cases when the assumption of normality is not true [19]. Then 

the formulas 
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are used. The percentiles in the denominators are estimated based on the suitable fitted distribution (for 

example lognormal or Weibull) or by means of Johnson transformation [20]. The use of SW with 

implemented necessary procedures is assumed. 

3. COMPLEX AND EFFECTIVE APPLICATION OF SPC IN SR PROCESSES 

The flow chart in Fig. 1 represents the complex approach to effective application of SPC in conditions of the 

repetitive SR processes. 

4. PRACTICAL APPLICATION 

The proposed methodology was applied in conditions of the profile bars rolling in the selected plant in the 

Czech Republic. This production has typical features of the repetitive SR process. 

4.1 Phase I  

Process definition: Profiles rolling 

Definition of the product family: Hot rolled steel L bar 

Three products of the same type with varying dimensions: 20 ± 1 mm, 30 ± 1 mm, 40 ± 1 mm. The product 

family is based on repeatability of orders, purchase order volumes and technological similarity.  

Choice of the controlled quality characteristic: the arm width /mm. 

The choice was based on the customer requirements and on the analysis of rework and claims in the bar 

rolling process.  

Control interval setting: every 2nd bunch. 

Subgroup size setting: n = 4 (randomly selected from the bunch). 

Setting of the target value of the controlled quality characteristics: the middle of the tolerances 

specified for each product. 

Measurement system analysis: 

Based on R&R analysis with the results GRR = 22.18 % and ndc ˃ 5, the measurement system could be 

considered acceptable.  
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Fig. 1 Flow chart of the main activities of the complex application of SPC in conditions of the repetitive SR 

processes 
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Normality checking: 

At first normality of data separately for each product was verified. Beside the graphical method using 

probability plots several tests of normality were used: Shapiro-Wilk (SW), Ryan-Joiner (RJ), Anderson-

Darling (AD) and tests based on the standardized skewness (Std Sk) and standardized kurtosis (Std Kt) (see 

Table 3). 

Table 3 Tests of normality  

Product Probability plot Test P-value 
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Although the probability plots show some milder departures from the normal distribution, P-values greater 

than 0.05 (with exception of AD test for product 2) indicate that the normality of measurements belonging to 

the individual products can be assumed.  

Checking of the process variance homogeneity: 

Results of the homogeneity tests are given in Table 4. Owing to the confirmed normality of individual product 

measurements all tests from Table 1 could be used, although the use of Bartlett’s test is not entirely correct 

in case of sample size of four. Results of Hartley´s test cannot be presented by means of P-values and so 

they are omitted. Both the homogeneity of fifteen subgroups for each product and the homogeneity of three 

samples corresponding to the different products were tested. P-values greater than 0.05 indicate that the 

assumption of homogeneity is met in all cases.  

Table 4 Tests of variance homogeneity  

 P-value 

(variances within individual products) 

P-value 

(variances of three products) 

Test 1 2 3  

Bartlett´s 0.9933 0.9953 0.9978 0.6205 

Levene´s 0.6812 0.8299 0.7783 0.6400 

O'Brien´s 0.9201 0.9676 0.9531 0.6449 

Brown-Forsythe´s 0.9475 0.9931 0.9880 0.7084 

Cochran´s 1.0000 1.0000 1.0000 0.4780 
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Selection of SR control charting method: 

Based on the previous results the target x-bar and the range control charts were selected. Normality of 

deviations from the target values for the whole family was examined to guarantee the effective performance 

of the chart (see Table 5). 

Table 5 Normality tests in the target chartf 

Product Probability plot Test P-value 
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SW  0.0001 

RJ    < 0.0100 

AD    < 0.0050 

Std Sk 0.0178 

Std Kt 0.3494 

All P-values excepting the last test are less than 0.05 and so normal distribution of the deviations from the 

target cannot be assumed. Various distributions were fitted and a three-parameter lognormal distribution with 

the threshold -0.97394 was chosen as the best.  

4.2 Phase II 

Based on the previous result, deviations y = x - T(z) were transformed to ln (y+0.97394), the central line and 

the control limits for the target x-bar chart were computed and then inversely transformed (Fig. 2). R chart 

was constructed directly for original deviations.  
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Fig. 2 Target control chart for x-bar and control chart for ranges 

Control chart R confirmed the results of the process homogeneity analysis. The process can be considered 

statistically stable with regard to the variation. The target x-bar chart shows that the process level is not 

stable and it is obviously influenced by the same cause irrespective of the particular product. It was revealed 

that the trends are caused by tampering the process by the operator.  

4.3 Phase III  

To take the statistical instability into account, performance indices Pp and Ppk were calculated from the 

original data (see Eq. 3). As was mentioned above, three-parameter lognormal distribution was considered. 

The values of indices (Table 6) for all products are the same due to the equal distance of their specification 

limits. Determination of confidence limits for non-normal performance indices is too intricate and their 

computation is not implemented in available SWs. The low values of Pp and especially Ppk (the 6th row) 

indicate that the process should be improved. Besides, the values of the indices for normal distribution were 

included in Table 6 to show how ignoring non-normality and the process instability can lead to 
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overestimation of capability (rows 1 - 4, where all possible methods of estimation of sigma were considered) 

or performance indices (row 5). 

Table 6 Capability and performance indices  

Row Method of estimation Estimated sigma Cp/Pp Cpk/Ppk 

1 R 0.235497 1.41544 1.3984 

2 s 0.230257 1.44766 1.4302 

3 s2 0.219156 1.52099 1.5027 

4 s2 (corr) 0.219562 1.51817 1.4999 

5 overall 0.242357 1.37538 1.3588 

6 lognormal  1.31 0.99 

 

Analysis of the process, design and realization of the improvements: 

Based on the results of the previous performance analysis some improvements were suggested and 

realized. During two months after the first analysis, SPC was applied on a regular basis and the operators 

used the target x-bar control chart to adjust the process in a timely manner. The use of SPC led to the 

reduction of the process variation (compare Fig. 3 and Fig. 4) and to scrap reduction by 14.2 t per these two 

months.  
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Fig. 3 Target x-bar control chart - 

process variation at the beginning of the 

SPC implementation 

Fig. 4 Target x-bar control chart - 

reduction of the process variability 

after two months 

This improvement is also reflected by the new values of Pp and Ppk (see Table 7). The results show that Pp 

has increased from 1.31 to 1.53 and Ppk from 0.99 to 1.32.  

Table 7 Capability and performance indices after SPC implementation     

Fitted distribution Pp Ppk 

lognormal 1.53 1.32 

5. CONCLUSION 

The main output of this paper is the proposal of the complex SPC approach to repetitive SR that comprises 

checking assumptions of normality and variance homogeneity and shows how to proceed in case of their 

violation. This approach was successfully applied to the profile bar rolling process. Results indicate that the 

proposed approach can be used for repetitive metallurgical processes and that the statistical analysis can 

bring the real economic benefits. 
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Abstract 

The paper describes the custom oriented approach to capacity planning model design, if the company is one 

of the elements of the SCM. The model of the capacity planning is designed on the heuristic principles. 

Model was created for RS Ltd. The model in the paper is presented in algorithms form. 

Keywords: Supply chain management (SCM), KANBAN, capacity planning, order logistics, information 

system 

1. INTRODUCTION 

The capacity planning of the production (CPP) is one level of operative planning. The main targets of CPP 

are:  

 The records of customer orders and production tasks for the next planning period (some weeks) and 

production department. 

 The order assignment to time unit of the capacity plan (weeks). 

 Capacity smoothing for machine and time unit.  

 Creation of the internal orders - cumulated orders from the real customer orders. 

 Creation of the production batches. 

And by these activities it is created capacity plan of production department, which is the input to the next 

step of operative planning to production scheduling [4]. 

Each company is original from the point of production processes. Application of standard enterprise 

information system (SAP, proAlpha, etc.) needs difficult adaptation especially for conditions of small or 

medium enterprises (SMEs) and the price of that system is relatively high. Therefore, the proposed model of 

capacity planning is much more suitable for the conditions, requirements and demands of SMEs. [1, 2, 3, 11] 

What are the advantages and disadvantages for company and its capacity planning model when company is 

a part of SCM or not. In this cause the RS Ltd. is a daughter company of big foreign company - Mother 

Company. Inside one company, between two subjects (mother, daughter) is applied the SCM, which can be 

understand as a KANBAN [4]. 

Model for CPP uses the information from SCM - KANBAN. KANBAN store can be used as a regulator 

element (buffer) in CPP model.  

2. METHODOLOGY OF CPP MODEL CREATION 

Both models are created on the heuristic approach i.e. there were analysed rules and limitations, which were 

applied to algorithms of the models. By this approach applied in the model, there were included all activities, 

know-how, knowledge of the experts and people, who works in the company for a long time [3, 8]. 

file:///C:/Users/konference/AppData/Local/dusan.malindzak@tuke.sk
mailto:peter.kacmary@tuke.sk
mailto:jana.vrlikova@tuke.sk
mailto:lucia.bendarova@unipo.sk
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2.1. Approaches to CPP design 

In the theory and practice were formed two basic approaches [4]. 

Customer oriented model of CPP - this approach is influenced from idea to satisfy all customers by their 

order (due date, order amount, etc.) without consideration of the capacity possibilities of machines and 

workplaces. Each order - product has technological prescription for your manufacturing, where is define 

sequence of operations as Si and operational time this product I on machine J tI,J. From the set of the orders 

it is created order sequence by definition of priority (due date, cost, profit, etc.). The products are assignment 

on the machine by the technological prescription applying the pull system. Result of this assignment is initial 

variant of CPP, which goes to next step to capacity smoothing process (see Fig. 1 and 2).   
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orders for 

T

STI start time for product I CNJ capacity needs 
DDI due date for product I CPJ capacity possibilities 

MJ machine J

W1 W2 W3 W4 W5 t
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Fig. 1 Principles of customer oriented model CPP    Fig. 2 Capacity needs for machine J before smoothing 

 

CN(J) =  MI,J . tI,J 

CN(J) - capacity needs and CP(J) - capacity possibilities machine J 

Mi,j - orderit amount of product  

tI,J - operation time  

Following the capacity smoothing, i.e. harmonisation 

of CN(J) CP(J). Manufacturing oriented model of 

CPP - but also different approach is possible. 

Ordered products will be not allocated in planning 

periods, but product sequence will be developed in 

accordance with delivery term (see Fig. 3). From this 

sequence we should take such part of products, 

which will maximize capacity exploitation of 

production processes bottle neck. So we can avoid 

capacity smoothing. It is necessary to realise that the 

bottleneck of production process can be changed in 

accordance to assortment and amount of ordered 

products. 

Fig. 3 Principles of manufacturing oriented model CPP 

2.2. Strategies of CPP 

Very often manufacturing process is realized in some production departments. By the optimising criteria and 

technological, economic, environmental constrains, we can select two basic strategies. [8, 9, 11] 

1. The open system of CPP - open system means that product in one planning period (week) pass 

through some production department. Capacity planning in this case has to coordinate operation 
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amount this production department to keep DDI. The creation CPP model on this strategy is very 

complicated.  

2. The closed system of CPP - this strategy define that operations on some product is realized in one 

planning period (week) only in one production department. 

The selection of the strategy is influenced from the production cycle, delivery cycle and from type dominant 

optimization criterion. Where is dominant technological optimization criterion, in this case is better apply 

close strategy. Opposite: where is dominant economic and trade optimization criterions, in this case are 

commanded open system. 

2.3. Utilization SCM - KANBAN in CPP 

There can be defined three basic SCM systems: 

1. The SCM established of exchange of information about forecast or manufacturing plan among the 

member of the SCM agreement. The forecast is the only information for supplier is not binding, it has 

only information character.  

2. Enterprise N1 receives or gains the manufacturing plan forecast of enterprise N2 and N2 enterprise 

will specify, how big the stock produced by N1 should be e.g. in T1, T2 ......TN period in the exit 

warehouse of N1 company. The same will apply for N3 enterprise, which will specify the volume of 

inventory for the same T1, T2 ......TN period as in N2 enterprise etc. (see Fig. 4). This will enable to 

manage these enterprises in the long run and to increase the uniformity of production, to create 

optimum production batches, and to generate internal orders by accumulation of a larger number of 

orders for a longer period of time. However, this all is just a forecast. As a part of this forecast 

business is carried out on the basis of particular orders. The supply chain is mostly initiated by the 

companies with the strongest position in the chain or based on the agreement of all companies 

becoming a part of this chain [5, 6, 7]. 

 
Fig. 4 The principle of SCM-KANBAN 

 

3. Demand chain - this philosophy has recently let mainly bigger pressure from chain dominant 

enterprises that specify, for their sub-suppliers, the volume of products and the period (T1, T2 ......TN), 

in which the given volume should be either in a warehouse close to their premises or directly in entry 

i.e. disposition warehouses. The above-mentioned goods will be owned by the supplier up to the 

moment of their release from the disposition warehouse. Once released the following will take place: 

deal - order - invoice - payment to the sub-supplier. We would like to emphasize once more, that the 

goods in disposition warehouses are owned by sub-suppliers, which forces each enterprise in the 

chain to make its sub-suppliers create I0, I1, I2 dispatch stocks in their warehouses (see Fig. 5). 

 

 

I1, I2, I3 - the entry warehouse of 

N1, N2, N3 enterprises 

S1, S2, S3 - the exit warehouse of 

N1, N2, N3 enterprises 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1632 

 

 

 

Fig. 5 The principle of demand chain application 

If subject of SCM N1 and N2 are member of one company (N1 is daughter, N2 is mother company) in this 

case SCM is KANBAN.  

Now we take a case, if the N1 and N2 are in 

second type of SCM, i.e. N2 define the level of 

storage products in the KANBAN (output buffer) for 

N1 and levels of product are define to the end of 

planning period (month). 

The model of capacity planning company N1 must 

respect this information - regulation - limitation. The 

model of CPP utilized this KANBAN buffer as 

regulation element it means: in the case, when it is 

not enough order capacity possibilities of the 

machine workshop utilization information about 

level of the product in the KANBAN buffer as virtual 

order which is assignment to capacity plan (CPJ 

CNJ).  

In the case, when (CPJ CNJ) in the beginning of 

the planning period we utilized product from the 

KANBAN buffer for fulfilling the orders of the 

customer and by this way are decreased CNJ on 

the planning period.  

Disadvantage to create the KANBAN buffer and its maintenance become advantage when model of CPP 

has assemble the regulation element describe on Fig. 6. 

3. DESCRIPTION MANUFACTURING PROCESS AND MATERIAL FLOWS OF RS LIMITED  

The enterprise RS Ltd. is producer of stator and rotors for industrial ventilation and air conditioning system 

and is conformed to German mother company. The basic production process starts at cutting of dynamo 

plates and their welding or riveting (PP1), its casting to aluminium alloys (PP2), finishing (PP3) and surface 

treatment (PP4), see Fig. 7.  

The file of recorded orders (FRO) is continuously actualised by adding new incoming orders, while planner 

can open the file anytime but on mentioned date he will receive the file through e-mail. By this step the 

actualisation of this file is finished and it is ready for planner to create new production plans.  

I0, I1, I2 - the disposition warehouse of 

N1, N2, N3 enterprises 

S1, S2, S3 - the exit warehouse of N1, 

N2, N3 enterprises 

Fig. 6 Utilization of KANBAN - buffer for capacity 

regulation 
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The plan is created separately for these divisions: 

1. for cutting (CNC machines), 

2. for casting, 

3. for finishing (CNC machines), however this is not detailed plan given to a supervisor but it is a list of 

products and due dates and delivery dates. 

The first set of information input is in-process production itself, which was planned in previous periods “N-1” 

for present period “N” (e.g. cut dynamo plates are not already casted in to aluminium body, casted are not 

finished and finished are not surfaced etc.). 

The second set of information input is store levels of finished products, so called “KANBAN”, where the 

certain levels are need to be kept (levels represent quantity) by the end of a month. The decree, from the 

mother company which defined the certain levels of finished products, is actualised regularly, sometimes 

also when there is unexpected increase of orders of standard (often ordered) products, and then the missing 

items are planned first as a priority.  

PP 1 PP 2

PP 3

PP 4

Purchased 

semi-

products

Rolls of dynamo 

plates
Tlačít

ko

Tlačít

ko

Tlačít

koAluminium 

alloys

Legend:

Production processes:

PP 1 – cutting, welding (riveting);

PP 2 – Al casting;

PP 3 – finishing;

PP 4 – surfacing, (painting, rumbling, 

etc.)

Production flows:

-        – main rotors production;

-        – casting of rotors with purchased 

semi-productsi;

-        – production stators;

-        – production of only Al casted 

products.

 

Fig. 7 Basic production processes and flows of RS Ltd. enterprise 

Some of the semi-products (e.g. riveted stators and welded rotors) are not produced in this enterprise but 

they have to be ordered. This idea is used as a flexible item in capacity planning model. These purchased 

semi-products are also a reserve for smoothing of material flow especially between cutting and casting (see 
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Fig. 7). The second task of purchased semi-products is a capacity balance of production process. The 

capacity calculation is done first with all incoming unproduced orders.  

Then it shows the “bottleneck” (usually it is welding and riveting) of the process by its calculation which also 

shows the ratio of possible and impossible produced orders and thus it is possible to enlarge capacity of 

welding and riveting by purchasing of these semi-products. 

Purchased semi-products represent standard products, which are parts of best-selling products. They are 

even with better quality and in many cases cheaper in comparing with self-produced semi-products. 

4. PROPOSAL OF CAPACITY PLANNING MODEL 

The CPP model is designed on the heuristic approach [1, 12]. Source of input information is the file of all 

orders. Each order has the certain quantity of ordered assortment and due dates. Present capacity planning 

consists of planning of all orders backwards from due date to first operation. There are calculated latest 

times of beginning of production and capacity need of each machine by this way, supposed that all income 

orders are put into production. Next, there is calculated in-process production and purchasing of semi-

products, which can relieve capacity need at PP 1. In each production company, including RS Ltd, the 

capacity calculation have to include unexpected influences (lost times) i.e. breakdowns, increased time of 

setting etc., which is 10 - 15 % of all times. That is why the machines are planned at about between 

85 - 90 % of their capacity, so this created a kind of time reserve. [10] 

The capacity planning comes out from known workload - orders to certain planning period. Its aim is to 

choose orders from the aggregated orders (file of incoming orders) and to put them into a production plan, 

into a certain planning period by keeping the following: 

 to fulfil required ordered quantities and due-dates for customers, 

 to give in balance capacity demands to machines, equipments, workplaces with their capacity 

possibilities, 

 to keep the prescribed store level limits of products in KANBAN warehouse, 

 to purchase material, semi-products or sub-deliveries based on capacity plan of production, 

 to have the capacity plan as a basis for creation production scheduling, in which there is no need to 

take care about capacity. 

Parameters and criteria for capacity planning (see Fig. 9): 

1. The capacity plan is created for all company and it is divided to: 

 U1 - cutting, welding, riveting, 

 U2 - casting and production of aluminium (Al) alloys, 

 U3 - surfacing, finishing and other finalising. 

U1

U2

U3

N+3N+2

N+1

N+1

N+2

N

...

N+7

N+8

N+8 N+9

...

...

...

Planning point
 

 

Fig. 8 Planning periods of defined divisions (U1 - U3) 
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2. Planning period will be at minimum 8 weeks. Planning point is between 10:00am - 12:00pm on 

Thursday (see Fig. 8). 

3. There is used the principle of sliding planning, which is performed each Thursday at noon (12.00 

o’clock). 

4. There is a different obligation in weeks (1st week is definite, 2nd week is preliminary - set at approx. 

80 %, 3rd week - 8th week is forecasted). The exact authorisation of doing changes have to be defined, 

e.g. changes for 1st week - only general director can provide changes, for 2nd week - only delegated 

production supervisors or planner can provide changes, other weeks planner and other entitled 

persons can provide changes. 

5. Planning by PULL system - it means from the end to beginning. 

6. The products will have priorities “B” - ordinary, “S” - urgent, “SS” - super urgent.  

7. Closed system of capacity planning (phase production) besides the products with priority “S” and “SS” 

(defined by general director) will be kept, i.e. what is produced at U1 in week N will be processed at 

U2 in week N+1 and at U3 in week N+2. It results to defined production time, which for “B” products is 

three weeks, for “S” products two weeks and for “SS” products is one week or orders are completed 

from KANBAN. 

8. The capacity plan will be created at 90 % of maximum capacity (10 % is left for unexpected, unaware 

changes and interactions). 

9. Initial variant of plan is created in the way that: 

a) Inputting “S” and “SS” orders into weeks according to DDI to division U3.  

b) New “B” orders are assorted by: LRT - Longest Remaining Time, i.e. maximum time to their 

production is: 

c) maxt* JI, 
J

IMN , respectively according to DDI to division U3   (1) 

d) Orders are inserted to certain weeks from the end of U3 through U2 up to U1. 

e) The capacity calculation is provided and there are calculated CNJ (capacity needs) in certain 

periods of weeks N+1 - N+8, but planning dead times, compulsory maintenance and in-process 

production have to be taken into calculation.  

10. Calculation of bottleneck. 

11. Solution of bottleneck through KANBAN stock levels, and point 10 is again repeated. 

12. Calculation of sub-deliveries of welded and riveted parts and point 10 is again repeated. 

13. The capacity smoothing is possible to reach: 

a) By using KAIZEN,  b)  By moving forward, 

By dividing one big order to 2, 3 smaller batches (internal work orders) and moving two, three batches a 

period back. 
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Fig. 9 Algorithm of the capacity planning model 

5. CONCLUSION 

The real system for the company RS Ltd. is not only the model for capacity planning itself. It was also 

created the model cumulating of orders and production scheduling with the evidence of work in progress and 

finished products for the each machine. The system, in this state, is already similar to the professional 

information systems for production management, with the difference, that there are integrated all the features 

and tools they really need and will use them as it is required from their production practice. Description of 

such a system would have far exceeded scope of this article and further description of this model is omitted. 
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The proposed model of capacity planning itself is a key activity of the whole system, because in this model it 

is created a file of possible workload that is possible to process, in the certain week with the given capacity 

potential of machines. This file is important for the operation of the further model of cumulating of orders and 

production schedules preparation and faults in that file would cause malfunction of the system. 
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Abstract  

The basic principle of modern management in the metallurgical company is the principle of continuous 

improvement of the performance of the processes. Its own improvement and its metrics associated with 

repetitive activities to increase capacity to meet the requirements of customers in the metallurgical company. 

In the paper there are listed and analyzed selected approaches and methodology to improve the 

performance of the processes. At the same time are set out general principles and characteristics of the 

procedural approach to implementing projects leading to the improvement of the performance of the 

enterprise. The authors focus on the issue of procedural methodologies and improvement of strategic 

processes as a prerequisite to growth of value added in the metallurgical company. In the knowledge level 

information and staffing processes will be highlighted, which are strategically important for the measurement 

of the improvement processes in the level of measurement of added value of the product. The article also 

includes a case study of methodology for improving the outcomes in support of procedurals in the 

TŘINECKÉ ŽELEZÁRNY, a.s.  

Keywords: Process, process metrics, strategy of process management, information and personnel 

processes, the change management process 

1. INTRODUCTION 

In recent years, dramatic changes have occured in all areas of business, in particular a significant reduction 

in the business cycle of products and services. It is necessary to dynamically respond to changing 

environmental conditions. Process management is an approach that enables companies to respond to 

changes quickly and efficiently. Process management has become the subject of a custom deployment in 

metallurgical enterprises and gets its attention by many studies and documents processed. This need stems 

from the fact that the complex issues of process management it is difficult to simplify only for the technical 

mastery of the methodology [1]. 

In this article it will be presented in addition to the general process management even the specific process 

management approach of the TRINECKE ZELEZARNY, a.s.. This approach is not simply picking out all of 

the current and modern mindlessly and without a second thought. The mission of the company experts in 

organization process management is a constant monitoring of trends in the development of methods and 

tools for process management. The mission of the managers is to be able to select the most appropriate 

principles and implement them permanently and constantly improving. And on the contrary, we shall 

immediately walk away from the established principles that do not deliver the results we want. That process 

management strategy used to populate the system of continuous improvement, and evaluation of process 

metrics is a successor of the classical functional management. 

mailto:vsp@vsp.cz
mailto:podatelna@trz.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1639 

2. METODOLOGICAL RESOURCES  

2.1. Processes in company management 

The definition of the concept of the process is dependent on the purpose of the processing of the relevant 

issues. The concept of the process is most often characterized by and developed in the understanding of the 

economic process as a company [2]. For its understanding is an important output of the process, i.e., an 

enterprise product or service. The general concept and definition of the system, however, is a matter of and 

reflects a much wider use in the theory of management, or project management. It's not just about the 

supplier-customer relationship solutions, but on the definition of the wider relationship associated with the 

development of new products and procedures, project management. There is also a more practical 

application of the methodology of project management. 

For a proper understanding of the processes in enterprise project management it is important to describe the 

performance of the various mechanisms of the boot process. For this reason it is always a specific reason - 

the initiative. According to the literature [3] may be a stimulus of external or internal reality. External stimuli 

(coming from around the process, are objective) is referred to as an event. Internal trigger is a situation in 

which the activity is located. It can be indicated according to the above authors as the status of the process. 

Mutual interaction takes place between processes. The status of the event starts and ends, that builds on the 

performance of the subsequent process. Between the individual processes can be used to establish a 

session to prevent and to create structural links individual processes into procedural arrangements, in 

graphic form, characterised by linear or branched lines. 

2.2. Categorisation of the entreprise processes in the kontext of their improvement 

In the categorisation of the processes in the enterprise, it is necessary to define and refine the basic 

categories of general understanding of the processes. This basic categorization allows you to the 

understanding and classification processes in terms of their potential for improvement. 

In terms of procedural outcomes, thus making the added value of the product, there are [4]:  

 Key processes - in these processes, there is the added value used to satisfy the needs of external 

customer-product user. The main processes usually do not exceed the limits of the individual areas, 

rather characterize the one area.  

 Support processes - these processes creates added value used to satisfy the needs of the internal 

customer. Therefore, it is a critical strategic or product (service), that product cannot be provided 

externally. When external collateral could compromise the mission.  

 Secondary processes--support their key processes and related activities. Their advantage is that they 

allow to the main processes were carried out with optimal performance. Secondary processes can be 

realized through outsourcing (in economic evaluation of their effectiveness and cost). 

The above mentioned procedural groups are in their final phase of product output with added value for the 

customer--a product that uses by a consumer - a user in order to satisfy specific needs. However, over those 

processes operate non-production processes. Non-production processes do not have this property, but are 

inherently necessary for custom deployment and performance of production processes. 

Process management [5] in the broad sense is the special effect (streamlining). Management is a higher 

type of special effects. Through that, the system makes or develops. Control and change processes to 

ensure the stability, integrity, and a basic operation of the systems. Efficient and effective system of strategic 

management creates the conditions for the management of the business (including feedback) [6]: decision 

making, and their informational support. 
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3. GENERAL PRINCIPLE OF APPROACH AND CHARACTERISTICS OF THE ENTREPRISE 

PROCESSES IMPROVEMENT 

The improvement of the procedural elements of the improvement of entreprise governance, it is necessary to 

define the general principles of this perspective and process approach in the area of company  

management - define principles and procedural approach. In other words, we limit the basic rules of a 

procedural approach for the determination of the project process and content of life cycle, we limit the degree 

of generality, taking into account the degree of specificity and variantnosti of a particular solution (method, a 

technique, a tool) for the specific development stage of the company management. 

The following principles have become the default and the basic principles (axioms) for the formulation of 

principles of procedural approach as tools for improving processes in the enterprise. This includes the 

following rules: 

3.1. Principle of process strategy 

The principle of the procedural strategy and the strategic concept is the basic principle of design methods 

and management of the entreprise system. Procedural strategy shows that the custom project solutions and 

project production activities are not the only process in the entreprise, but that there are procedural groups, 

clusters, sections, and views on them, that it is possible to describe the appropriate entreprise process 

model and further divided into major and minor procedural groups. These process chains interact, 

complement, often take place in parallel outputs from one enter into the others. The revision of the 

processes and revision control affect more the whole branches and shall be subject to such inspection 

arrangements.  

3.2. Principle of process modelling in an entreprise  

Creation of process models in an entreprise is understood as a key principle, which allows for procedural 

analyst look at abstract the general characteristics of the entreprise, unencumbered by the current state of 

affairs, the used technology, and other abstract characteristics. Designed entrepirse system is generally built 

up gradually after each of the hierarchical levels of the design-from concept, through technological, until after 

the implementation model, with each level abstracted from the specific characteristics of the other levels. The 

principle of process model results in clearly defining the hierarchy of processes and a clear separation of the 

essence of the system (what the system must do) from the restrictions that are to be added as a result of the 

design of the selected technologies and the deployment environment (how it will do). The main and 

hierarchically up are those processes through which generated outputs as the final value for the customer. 

Later they will then form the basis of process model of the entreprise.  

3.3. Principle of delegacy, monitoring and review in an entreprise  

Fulfillment of the basic meaning of the entreprise in this concept is the consistent application of the 

procedural principle of delegation. The delegation is always meant the transfer of the powers and 

responsibilities of the owner of the transmission process, which alone can thoroughly understand and 

recognize the current need, where appropriate apply, and modify the necessary implementation processes 

leading to the fulfillment of the above, the mission of the process (or the process groups). The structure of 

the procedural team is built so as to be able to delegate to implement and adapt to the requirements 

imposed on it. Processes are often accompanied by a delegation of the decision-making processes, which 

also brings an element of responsibility for the impact of the adoption and implementation of the relevant 

decisions of the executive in the follow-up and implementation processes. For example, if the limited 

duration of the project date in the entreprise of transmission of the information to a specific output, it is 

necessary to often adopt the risk management process and a greater degree of risk in the process of the 

project scope, project costs and testing processes, all for the purpose of the measure. 
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3.4. Principle of team work, principle of assessment and staff motivation in an entreprise  

Although it is an essential attribute of the process of its unique owner, not procedural activities and 

entreprise activities are carried out by individuals without interactions. In procedural understanding creates a 

subset of the processes of specific outputs, which enter into other processes, and thus affect their 

implementation. The interaction is so strong that the entreprise output and its parameters depend not on a 

simple summary of the individual performance of individuals, but on the strict application of the principle of 

teamwork. For custom project management performance is therefore necessary to accept and promote the 

interests and purpose of procedural strategies affect a subset of the project teams and creates an 

appropriate procedural and organizational structure. The procedural approach, however, does not focus on 

the autonomy of the project teams with sufficient powers. The motivation for these teams to project 

performance, however, must be in conformity with the added value of the use of the output for the customer 

and user of the process output. The motivation, however, should be approached comprehensively and unfold 

it from compliance with the final product. 

3.5. Principle of maximalisation of utilizaiton of the knowledge processes in an entreprise 

This principle is based on the assumption that the etreprises, and their outputs, therefore the products, are 

evidence of a general trend in the transition from the industrial economy to a knowledge economy. The 

added value of the outputs is so high that it is necessary in the processes in the respective types of projects 

and their specific performance to maximize. Processes based on this principle, increase the total design 

intelligence (in the human factor, organizational structure, management sections, control mechanisms, etc.), 

and makes the groundwork for the processes of permanent learning. The use of the knowledge of the 

principle also means to delete the entreprise information and knowledge barriers to their diffusion-open 

channel the flow of knowledge. This flow is in the direction of the horizontal (via individual production 

processes), and vertically (through non-production processes), released with the barriers of the project 

activities. The owners of the process in this environment, the flow of knowledge to maximize the impact and 

effectiveness of the controlled process and maximize this principle and value of the product 

4. PROCESS MANAGEMENT AND ITS DEVELOPMENT IN THE TRINECKE ZELEZARNY, A.S. 

Process management and its improvement in the TRINECKE ZELEZARNY, a.s.is a very broad topic. In the 

following text, therefore, we will pay the attention only for the one area, ICT processes. ICT processes 

permeate the whole company and are the basis of any action. Therefore, it is and must be a special 

emphasis on them. 

The basis for the improvement of ICT processes in the TRINECKE ZELEZARNY, a.s.is to repeat the 

processing and consideration of information strategies for the group of the TRINECKE ZELEZARNY, a.s.. 

The approval process of the strategy takes place in four-year intervals. Every year, then the inspection report 

is discussed, which aims to inform the management about the degree of its implementation and submit for 

approval any changes and updates. The basic pillars of the strategy are the starting points of information 

arising from the questions: 

 How to increase the performance of the employees? 

 How to promote the achievement of the strategic goals of the company? 

 How to obtain a competitive advantage for the company? 

 How to create more opportunities for the development of strategic? 

The process of development is the dialogue between the users (employees and managers) and computer 

science and must include a systematic creation of necessary information infrastructure. The objectives of the 

process of improving the ICT processes are based on the basic questions: 

 How can ICT add value to our products? 
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 What information system will increase the most our competitiveness? 

 How should be the development and operation of ICT organized and who and how it has control? 

 How much for development you can spend and how to evaluate their effectiveness? 

 How to educate and motivate staff in the effective use of ICT? 

Measuring of the effectiveness and efficiency of the ICT processes in the TRINECKE ZELEZARNY, a.s.is 

conducted in three levels: 

1) Evaluation of the implementation of the information strategy - evaluation of the level of implementation 

of and compliance with the strategy of the company. Rated 1x per year.  

2) Evaluation of three fundamental process parameters - length of a failure of the main applications, the 

length of the outage in networks and the percentage completed user requirements by the deadline. 

Rated 2x per year.  

3) Evaluation of ICT services. As for the detailed parameters of the service, the development of a range 

of services, change of quality of service, capacity changes, service options and suggestions for its 

improvement. Rated 1x per year. 

The improvement of processes ICT, arising on the basis of these recommendations, are the starting point for 

the planning and improvement of other processes. There is a more efficient use of ICT costs, facilitating the 

transmission of knowledge capital and the extension of the standards in the TRINECKE ZELEZARNY, a.s., 

the transparency of the existing relationship, flows of information and procedural links. 

The TRINECKE ZELEZARNY, a.s. takes one to two companies every year. Their integration into the group, 

it is a very difficult process. The objective of this integration is to modify the existing processes in the group 

and even in the new company so that they are compatible with each other, in order to transfer information 

between the subsidiary and the group could run as efficiently as possible and to have been used by any 

synergistic effects. 

Integration of a new company into the group of the TRINECKE ZELEZARNY, a.s.is under the project event. 

The basic tasks of integration projects are the mapping of current processes of the subsidiary, and determine 

which of them and how they have changed. Or, if a process of the subsidiary records better results than a 

similar process in the TRINECKE ZELEZARNY, a.s., to propose an amendment to this process. At this stage 

in the establishment of the concept of integration follows by stage of realization, in which they are made the 

appropriate changes, and on stage in the evaluation of the fulfillment of the project objectives. And in these 

tasks play an effective and well documented ICT processes, irreplaceable role. 

As already mentioned, ICT processes permeate the whole company, and so in the course of integration must 

cover all areas of the company:  

 Marketing and trade (purchase, sale). 

 Production and logistics (scheduling and production planning, production, storage and shipping, 

quality control). 

 Maintenance and repair.  

 Finance and accounting. 

 Human resources and payroll. 

 Controlling, calculaiton and reporting. 

 Support processes (health and safety, mail, etc.). 

Technically this means to realize interconnection systems of the TŘINECKÉ ŽELEZÁRNY are systems of 

subsidiary, retrofitted with the company with the necessary hardware and unite the ERP system (purchasing 

of licence, installation, users training and start up). 
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Projects integration of ICT processes are characterized by high risk. The most serious are the possible 

problems in production caused by the replacement of the long term existing system, especially when the new 

system is deployed to the production type, whose specifics the team still has not addressed yet. The big 

problem is staffing solutions of the project tasks at a time when it is running more integration or other 

projects. 

Integration projects in the TRINECKE ZELEZARNY, a.s.is enjoying a high success rate, when in addition to 

the occasional slips, does not occur more problems. Each integration in the field of process controls know-

how also to the TRINECKE ZELEZARNY, a.s.and happens between companies for mutual learning. These 

positive facts indicate of the experience and capabilities of the integration of the team and also a good 

knowledge and quality management of the enterprise (not only ICT) processes. 

5. RECOMMENDATION AND CONCLUSION 

Continuous improvement of processes in the metallurgical enterprise is an activity that brings in the longer 

term significant effects. Compliance with the above general principles of procedural approach is possible to 

achieve gradual improvement, which produce an economic return on the costs, contribute to improving 

working conditions and increasing employee satisfaction. The involvement of human capital and ICT in terms 

of measuring the value added of the resulting improvement absolutely necessary. 

Improvement of the processes must become the basic philosophy of the company - absolutely essential 

factor is the active involvement of the top management. Process approach must be reflected in the 

willingness and commitment of the management to promote changes and improvements. This path must 

constantly communicate with the staff. These must be periodically learning how to manage and improve 

processes, how to measure and evaluate the improvement effects. The processes of strategic, tactical and 

operational management must be linked in a continuous follow-up on corporate culture and the development 

of human potential. 
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Abstract  

The contribution describes the customer behaviour on the stainless steel market. It looks for the best suited 

information sources for choosing suppliers of stainless steel. Knowledge of preferred information sources is 

necessary for targeting and positioning. Websites, fair trades and catalogues are among the most preferred 

sources. Impersonal sources (websites, catalogues, journals) are ranked more than sources which are 

based on the personal presence (trade fairs, seminars). The paper also examines the relationship among 

information sources and macrosegmentation (demographics) and mezosegmentation criteria (customer 

typology based on the most preferred criteria for supplier choice process and the way of supplier selection). 

In the paper demographics is represented by main branch of activity (banister and furniture, food and 

chemical industry, workshop production, investment production). The paper is namely focused on the impact 

of customer typology on the preference of information sources.  

The paper is based on phone interview which took place on the Czech market. The primary survey includes 

93 questionnaires conducted with competent managers who work in the companies which produce products 

from stainless steel. Data analysis includes the hypothesis testing through traditional testing procedures and 

cluster analysis. 

Keywords: Stainless steel market, customer typology, segmentation criteria, information sources 

1. INTRODUCTION 

Recent marketplace trends have altered the nature of prospecting, placing greater importance on prompting 

and gathering inquiries. Some companies have adopted a reverse marketing philosophy and now actively 

search for suppliers. The emergence and growth in popularity of new communication media have made it 

increasingly feasible and cost effective for customers to do so. The goal for business market managers is to 

develop systems that enable potential customers to easily find supplier firm and identify submitted product 

portfolio. One way to accomplish this is to link prospecting activities with an integrated marketing 

communication plan. 

2. MARKETING COMMUNICATION MEDIA ON THE BUSINESS MARKET 

Table 1 Business Media Linkages to Communication Objectives (Source: [11]) 

Objective Awareness Knowledge Liking Preference Conviction Purchase 

Publicity ● 
     Advertising ● ● ● 

   E-mail ● ● ● 
   Direct mail 

 
● ● ● 

  Catalogues 
  

● ● ● 
 Online ● ● ● ● ● ● 

Trade shows 
   

● ● 
 Promotions 

   
● ● ● 

Telemarketing 
    

● ● 

Outdoor ● ● 
    

mailto:vojtech.spacil@vsb.cz
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It is now generally agreed that industrial advertising 

objectives must be set within promotional objectives, which 

are understood in the context of marketing and corporate 

objectives [1], [2], [3], [4]. While the primary communication 

vehicle in business-to-business (B2B) marketing remains 

the salesperson, non-personal methods of communication 

including advertising, catalogues, the Internet, trade shows 

and other forms of promotions have a unique role in the 

communication process. Effective advertising can make 

personal selling more productive [1], [2], [5]. Morril [6] 

concluded that dollar sales per salesperson call were 

significantly higher when customers had been exposed to 

advertising. Evidence shows that advertising can open 

doors for an industrial salesperson [7] and several studies 

[8], [9] found that advertising generates awareness and 

favourable attitudes thereby supporting sales rather than 

directly causing them. One study [10] identified the 

attributes of each promotional medium that make it best 

suited for a particular communications task (see Table 1). 

Others [2], [5], [11] have similarly identified different options 

available to business marketers. 

Internet and catalogues belong among the most used 

communication sources in B2B. The World Wide Web 

(WWW) has emerged media with the most potential 

market. In order to gain the strategic advantages of future 

competition many companies have established their web 

sites as a business frontier even without any profit. In 

general, most commercial websites can be categorized into 

three categories: (1) web sites provide information about 

the company, product or service; (2) the web sites provide 

well-organized electronic catalogues with functions to help 

users to browse products; and (3) the web sites support 

transaction functions in addition to electronic catalogues for 

on-line trading. 

The functions of electronic catalogues can be seen in a 

broader view as virtual gateways for the buyer to obtain 

information about the product, purchase the product, make 

payment, access support service, and cooperate with the 

sellers [12]. In a narrow view, electronic catalogues help 

the buyer to browse through the collection of product 

information in multimedia and retrieve the relevant subset 

of product information [13]. It enables the buyer to retrieve 

the reference for the selection of product from the entire 

collection to assist the sourcing process [12]. A functional 

definition of electronic catalogues provided by Stanoevska-

Slabeva and Schmid [14] is as, ‘‘ . . . interactive and 

multimedia interface between buyers and sellers on the 

Internet, which support product representation, search and 
Fig. 1 Dendrogram 
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classification and have interface to market services as negotiation, ordering and payment . . . ’’ 

3. RESEARCH METHODOLOGY 

The study is based on phone interview which took part on August 2010 in the Czech Republic. The sample 

size was 93 companies that produce products from stainless steel. Owners, executive heads, purchasing 

managers and production managers were among most important positions who were asked in the 

companies. Questionnaire consisted of 15 topical and 4 identification questions (main branch of activity, 

structure of company equity, location of company site and respondent position). The data were analysed 

through PASW 18.0 version. 

The typology of customers was done through cluster analysis. The hierarchical clustering was chosen as the 

most suitable cluster procedure. This type of clustering is characterized by the development of a hierarchy or 

treelike structure. Clustering has started with each object in a separate cluster and was grouped into bigger 

and bigger clusters. This process of agglomerative clustering is continued until all objects are members of a 

single cluster. The agglomerative clustering has used the average linkage method in which the distance 

between two clusters is defined as the average of the distances between all pairs of objects where one 

member of the pair is from each of the clusters [15]. 

The reliability and validity of clustering solution was examined on the same data using different distance 

measures.  

4. THE IDENTIFICATION OF INFORMATION PREFERENCES 

4.1 Preference of information preferences 

The preferences of information sources were measured by closed question. Producers of products from 

stainless steel were questioned what information sources have been the most important for choice of 

supplier. Five factors have been offered for choice. Respondents were asked to make ranking of selected 

information sources from the most important (1st place = 3 points) to the third most important (3rd place = 1 

point). Table 2 show us score for submitted factors. Internet is a key information source for seeking the 

supplier of stainless steel. All respondents have mentioned internet on one of three top positions and 85 % of 

producers ranked internet on first place. On the other hand seminar was used for choice of supplier just by 

3 % of respondents. 

Table 2 Ranking of the Most Important Preferred Information Sources for Choice of Supplier 

  Total score Score/respondent 

Internet 258 2,77 

Fair Trade 135 1,45 

Catalogue 118 1,27 

Article in periodicals 40 0,43 

Seminar 6 0,06 

4.2 Characteristics of Clusters 

Four most important information sources (internet, fair trade, catalogue, article in periodicals) were used as 

the base for developing customer clusters. Agglomerative hierarchical clustering procedure sorted 93 

companies in according to the perception of information source importance (see dendrogram in Fig. 1). 

Clustering procedure tested different quantitative structure of clusters in absolute frequency (see Table 3). 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1647 

Table 3 Number of Producers in Different Clusters  

Number of clusters 3 clusters 4 clusters 5 clusters 

Cluster A 79 41 41 

Cluster B 8 38 38 

Cluster C 6 8 3 

Cluster D 

 

6 6 

Cluster E 

  

5 

Total 93 93 93 

The option with four clusters was chosen for further analysis. Based on reaction of respondents four types of 

clusters (segments) were defined (see Table 4). Internet browsers and catalogue readers account for 

substantial share (85 %) among all companies. Both clusters namely seek suppliers of stainless steel 

through internet and catalogues. The difference is seen just in the level of communication media preference.  

Table 4 Preference of Information Sources by Defined Clusters 

  share article in periodicals catalogue internet fair trade 

Internet browsers 44 % 0.24 0.68 3.00 1.98 

Catalogue readers 41 % 0.16 2.16 2.84 0.84 

Fair trade visitors 9 % 1.50 0.38 1.13 2.63 

Article readers 6 % 2.00 0.83 3.00 0.17 

Total 100 % 0.43 1.27 2.77 1.45 

4.3 Relationship of Clusters to Other Segmentation Variables 

Table 5 Structure of Clusters According to the Annual Purchase of Stainless Steel 

 
up 40,000 € 40,000 - 200,000 € over 200,000 € total 

Internet browsers 29 % 44 % 63 % 44 % 

Catalogue readers 61 % 36 % 20 % 41 % 

Fair trade visitors 5 % 16 % 7 % 9 % 

Article readers 5 % 4 % 10 % 6 % 

Table 6 Structure of Clusters According to the Typology based on Purchasing Criteria 

  optimizers 
logistics 

users 

quality/price 

deciders 

assortment 

seekers 
total 

Internet browsers 52 % 27 % 64 % 22 % 44 % 

Catalogue readers 37 % 73 % 36 % 28 % 41 % 

Fair trade visitors 4 % 
  

33 % 9 % 

Article readers 7 % 
  

17 % 6 % 
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The importance of clustering process based on media preference is stressed by finding the relationship of 

the clusters to the other segmentation variables. The matching segmentation variables help managers to 

estimate buying behaviour and to tailor the communication campaign to potential and actual customers. 

Analysis has identified two segmentation variables which have impact on the customer typology. Annual 

purchase of stainless steel and customer typology based on purchasing criteria [16] has statistically 

significant impact on type of cluster (see Table 5 and 6). Pearson Chi-square coefficients are 0,024, 

respectively 0,000 on 95 % level of significance.  

Main branch of activity (industry) and way of supplier selection (preference of traditional supplier or opening 

bidding process) statistically has not affect clusters built on preferences of information sources. Nevertheless 

producers which purchase stainless steel for investment purposes visit more frequently fair trades and more 

intensively seek articles in periodicals.  

5. CONCLUSION 

Developing customer typology provides information about preferred information sources for seeking supplier 

of stainless steels. Confronting clusters based on preferred information sources and stressed purchasing 

criteria (see Table 6) give a clear picture which communication media are the best suited for different target 

groups. Assortment seekers prefer the visits of fair trade and reading articles in periodicals. Customers, who 

are price sensitive, browse on the internet more intensively than the other groups. Logistics users are 

searching for catalogues. Purchasing benefits can be more effectively communicated by that way. 
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Abstract 

In this paper is described proposal and development of monitoring and information system for support of 

crystallizer maintenance control and increase quality of processes which are performing basic functions of 

monitoring and localization of crystallizer’s desks, crystallizer lifetime prediction and prediction of blank 

defects. Target of the system is to optimize preventive maintenance of crystallizers desks, with utilizing 

maximum count of relevant data from technological and maintenance processes.  

Keywords: Crystallizer, Defect, Maintenance, Software 

1. INTRODUCTION 

Increasing complexity of production devices and increasing demands to productivity and production quality 

demand the need of high reliability of devices and efficient control of maintenance actions with usage of 

systems of reliability and maintenance control. Maintenance control systems providing needed support for 

planning and controlling all of the actions interconnected with device maintenance from its installation until 

preventative or operative servicing. Contributions when introducing these systems can be found in 

improvement of decision making processes, when the system considerably oversimplify providing of the 

base information for planning of maintenance actions and evaluation of economical indexes. Cohesion of 

these system to system of acquisition of process data and technological data seems to be very good when 

monitoring and diagnose the state of production device and in determination of time, proper form 

maintenance when it is sufficiently confident about origin of limiting value of wear respectively predictive time 

to limiting value can origin. Consequential monitoring of operational data and planning preventive 

maintenance with emphasis on optimization of the work and lowering time delays will bring efficient usage of 

the sources. Reliability and maintenance control systems gives us an analysis of the maintenance actions, 

failure analysis, costs analysis spent to made actions and spare parts. It gives the answers to questions, 

which would be without a complex look over the data derived hardly - if the given crystallizer’s desks can be 

used in operation or if is necessary to make its renovation. On history basis of previously actions or another 

historical data the maintenance control system gives sufficient information for correct decision make. Thanks 

to recently made maintenance data collection the base for maintenance planning is improving. Introduction 

of reliability control system and maintenance further help to increase availability and serviceability of devices 

from the reason of lowering unplanned time delays, breakdowns and increase device’s service life. The 

system should give information about planning device revisions and about their state with the estimation of 

costs to planned revisions and preventive maintenance, but also help with better organization of work, 

increasing the share of planned maintenance in consequence to lowering idle times of maintenance mans 

and volume of overtime work. 

From above mentioned result, that presumption from making an effective reliability control system and 

maintenance ensure working with longer time horizon is creation of feedback. Feedback function can fulfill 

system for data acquisition which provides information for regulation of impacts on reliability in all phases of 

lifetime cycle, which is complete with diagnostic system. The system has to enable access to stored data 

file:///C:/Users/konference/Desktop/j.david@vsb.cz
file:///C:/Users/konference/Desktop/pavel.svec@vsb.cz
file:///C:/Users/konference/Desktop/robert.frischer@vsb.cz
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about reliability, to effective statistical prediction, other quantitative and qualitative methods and to models 

suitable for prediction, analysis and estimations of reliability indicators. 

2. DEVELOPMENT OF A MONITORING AND OF INFORMATION SYSTEM 

In terms of project solution of MPO TIP FR-TI1/319 development of new progressive tools and reliability 

control support systems for primary cooling on continuous casting devices for quality improvement of 

exacting flat products is making monitoring and information system of reliability and maintenance controlling, 

whose target isn’t pure gathering of operational data and information, statistical estimation of given reliability 

indicators, but also usage of results for reliability control and resulting maintenance control. Modern system 

conception has to be equipped following basic stages, which making integral unit: 

 Definition of the system and assessments on the object control system, 

 Analysis of the system and definition of the system’s state, 

 Option of methods type and progress to reach the goals placed od device’s system, 

 Elaboration of scheme of information acquisition from operation advanced into unique way of 

expression and description, 

 Elaboration of mathematic - statistic methods for processing of gathered data, 

 Elaboration of corresponding mathematical models for calculation of the object characteristics, 

 Making an analysis of results and applying technological changes in production and in operation 

according this analysis. 

Regarding to above mentioned factors is important, to the reliability and maintenance control system be able 

to realize concept of maintenance according to real state beside the concept of preventive maintenance. 

Basic philosophy of solution preparation and implementation of maintenance processes when realization of 

maintenance conception according to the real state comes out from the demand of preservation of 

production device in operational and dispensable state. 

Main system function should be:  

 Trace actual state of each crystallizer’s desks from the point of it’s wear and position in technological 

operational cycle and maintenance in real time, 

 Record and evaluate running of technological and operational quantities, which has influence to 

crystallizer’s desk wear, 

 Trace and record each maintenance actions, 

 Trace operation cycles and crystallizer’s desk maintenance in relation to blanks quality, 

 Quantification of reliability and economic indicators of crystallizer’s desks, 

 Ensure interconnection with diagnostic system and visualization of it results in on-lie and off-line 

mode, 

 Visualize history of operation and maintenance actions on each crystallizer’s desks, 

 Ensure integrated supervisor control in technical life of crystallizer’s desks process, 

 Ensure immediate availability detail production reports and data from production. 

Base function structure of created reliability control system and maintenance is displayed on Fig. 1. From the 

picture is obvious, that system design contain several basic functions, which aim to achieve previously 

mentioned goals, which are:  

 Monitoring and localization of crystallizer’s desks; 

 Evaluation of the state and prediction of crystallizer’s desks lifetime; 

 Quality prediction of blanks; 
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Fig. 1 Basic function of the system 

In present time is in progress interconnection of single modules, it means, that is create software 

environment for whole application - Fig. 2. 

 

Fig. 2 Screen of interconnected software of single modules 

The system will be interconnected to TQ model (production and quality data from the process) and 

maintenance system. Now exists thoughts about usage the system by the maintenance workers from the 

view of control, ordering and cycling crystallizer’s desks. 

3. MONITORING A LOCALIZING 

This part of the system serve as basic evidence functions with single crystallizer’s desks as are placing 

desks in specific crystallizer, position of crystallizers and desks, evidence of number of molten tons on each 

desk and so on. Basic user preview of the module are presented in Fig. 3. 
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Fig. 3 Screens of Monitoring and localization module 

3.1. Evaluation of the state and prediction 

This module perform basic function of evaluation of the crystallizer’s desks from the view of reaching of the 

limiting state and prediction on define time slot. This module connect an analytic access to solution of the 

problem, when is created a distribution function of probability of limiting state when presumption of Weibull 

probability distribution and in choice of degraded mechanisms impact the desks, time data relating to 

operation and maintaining of the crystallizer’s desks and data from analytic and technical diagnostics each 

crystallizer’s desks. On Fig. 4 is man screen of this module. 

 

Fig. 4 Evaluation of the state and prediction module screen 

The important part of the solution is the usage of results from analytic and technical diagnostics. Preview of 

user interface is presented on Fig. 5. 
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Fig. 5 The diagnostics and lifetime prediction of crystallizer’s desk screen 

3.2. Blanks - prediction of defect 

This module represent an analytic approach to the problem of prediction of defects on continuous casting 

device’s blanks, when with usage of artificial intelligence methods are single blanks evaluated and 

incorporate into the category without defect, with defect and with risks of the defect. On Fig. 6. is preview of 

user interface, which was created only for scientific testing of this module. 

 

Fig. 6 User interface for prediction 
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4. CONCLUSIONS 

Inaccurate information about real operational time of production devices, inaccurate time schedule of 

preventive visits and maintenance, improper progress usage for maintenance, wrong evidence and planning 

of supplies and spare parts, unmatched usage of human resources, wrong reckoning of maintenance costs, 

these are some typical problem, which are occurring in the maintenance field in many metallurgical 

companies. By development and introduction of computing maintenance control support with usage of 

artificial intelligence elements is a step to solve these problems. Artificial intelligence methods represent 

tools supporting a solution of wrong structured problems, which solving isn’t primary based on calculations 

with help of mathematical models, but on human thinking and judgment. Offering support has often character 

of given problem definition, production of solution variant. In contrast to decision making systems, which only 

supporting the user when solving decision making problems, the tools based on the methods of artificial 

intelligence can in given cases replace a human.  
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Abstract 

Efficient operation of continuous reheating furnaces and a quality of the final product are often affected by 

the time-unequal material charging into the furnace. Improvements may be expected if efficient heat control 

correction methods aimed to optimize selected criteria of material heating quality are applied. Methods for 

calculation of optimization heating tasks assume a computation of temperature courses predictions in the 

heated material at different ways of heating control. This is only possible when using mathematical models of 

heating; however its calculation is usually time-consuming and thus for the on-line calculations practically 

unusable. The goal of the article is to review possibilities of heating corrections in continuous reheating 

furnaces with the exploitation of simplified on-line models aimed at the necessary temperature values 

accomplishment on the heated material’s surface and a stage of temperature alignment along its cross 

section. 

Keywords: Optimization, control, models. 

1. INTRODUCTION 

The quality of the final products after the metal working is to a considerable extend influenced by the heating 

quality in heating furnaces that forms the important part of industrial hot forming technologies. Heating 

furnaces are also significant energetic technology aggregates, where heating method optimization may 

significantly influence energetic seriousness and finally also the output profitability of the whole technology 

complex. Heating method optimization in heating furnaces may result either from precise mathematic system 

description application with the theory dynamic optimization exploitation usage, or may be based on the best 

option choice resulting from heating outcomes prediction for various control values settings of control circuits 

in different furnace zones. While classic theory dynamic optimization approach cannot be satisfactory 

realized in real-time systems, prediction and next choice of optimal variant may be carried out by simulating 

on simplified heating models [1], [2], [3]. It is advantageous to use models [3] for optimization. It is models, 

which use third type boundary conditions for the computation. It means that the surrounding temperature of 

the heated material during the whole period of its stay in the furnace must be known. The procedure, how to 

acquire the data, may as well arise from the literature source [5], [6]. Optimization principle means that in 

case of non-standard heated material delay in one furnace area, the process of temperature reduction in 

single furnace areas is started and at the same time temperature result simulation starts on condition that 

from that specific instant of time will the time delay of charging be default. The goal of the optimization is to 

conserve optimal temperature on the surface and in the centre of the heated material at the moment of its 

output from the furnace. This is achieved by reducing the speed of temperature growth of the heated 

material during the idle period. The savings may be expected not only as the result of the loss by burning 

reduction, but also as the result of fuel consumption reduction. 

mailto:milan.heger@vsb.cz
mailto:ivo.spicka@vsb.cz
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2. SIMPLIFIED MATERIAL REHEATING MODEL IN HEATING FURNACE 

It is necessary to create several partial models [4] for simplified reheating material model realization in 

a heating furnace: 

 Furnace temperature field model lengthwise the furnace 

 Heated material movement model lengthwise the furnace 

 Temperature model 

Having put together time synchronization and connection, which result from “Furnace temperature field 

model lengthwise the furnace“ with the information from „Heated material movement model lengthwise the 

furnace“, all input data for the external heat transfer computation are acquired. The result is knowledge of 

temperature time flow at each current position of heated material during its heating process in the heating 

furnace. This information is sufficient at models utilization usage based on the heating computation from the 

third type boundary conditions. Simplified, but for technical prediction usage sufficiently precise mathematic 

models were used for the solving of inside and outside heat transfer that result from verified models stated in 

literature source [5]. These may be formulated by the following mathematic formulae: 

 
 

   tTtT
dt

tdT
t fs

s 1                      (1) 

and  

 
 

   tTtT
dt

tdT
t sc

c 2                      (2) 

where: 

1 (t)  - outside heat transfer time-variable time constant 

Ts(t)  - temperature of the heated material surface 

Tf(t)  - furnace temperature 

2 (t)  - inside heat transfer time-variable time constant 

Tc(t)  - material heated material core temperature 

Simulation result for 

a standard heating furnace 

course example can be seen 

in Fig. 1. It demonstrates 

position time curves of 

a selected heated material 

piece in the furnace, 

temperatures in its vicinity and 

temperature of its surface and 

core. Following temperature 

values were achieved at the 

moment of the output of heated 

material from the furnace: 

T-surface = 1285.2 °C  T-center  = 1269.3 °C 

These may be considered as required and will be desirable to keep them even at non-standard heatings with 

furnace dead times. 

Fig. 1 Time flows of significant values in the process of material heating in 

heating furnace 
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3. THE INFLUENCE OF THE TEMPERATURE CHANGE IN FURNACE ZONES AND THE DEAD TIME 

INFLUENCE ON THE FINAL TEMPERATURE OF THE HEATED MATERIAL 

Temperature changes in furnace zones and dead time at furnace charging will result in the change of final 

temperature of heated material. But it depends, in which part of the furnace the heated material is located. 

First, simulations with the goal to find out the sensitivity of the surface and the core of the heated material 

change at the furnace output were carried out in dependence on the temperature change in single furnace 

zones. First simulation indicates surface and core temperatures of the heated material at standard 

temperatures in single zones. Second simulation shows surface and core temperatures of the heated 

material during the heating with dropped temperature in the first zone about -10 °C. Next simulations 3-6 

were carried out at gradual temperature changes in 2-5 zones about -10 °C. It is evident from Fig. 2 that the 

influence of temperature change on about -10 °C in zones 1 and 2 practically does not influence surface and 

core temperature of the heated material. The change of temperature in zone 3 about -10 °C does cause the 

surface temperature change about 1 °C and core temperature change about 1,6 °C. Significant are then 

reactions in zone 4 (ΔTsurface = -2 °C and ΔTcentre = -4 °C) and in zone 5, where the surface temperature 

of the heated material drops almost about -7 °C and core temperature about -4 °C. From this arises that the 

temperature correction of the surface and core of the heated material by means of temperature control in 

singe zones is the more effective, the closer the zone is to the furnace output. The temperatures in the first 

two zones are not controlled directly, which from correlation point of view is not wrong. The heating control 

correlation itself is efficient in the last three furnace zones and the more distant the zone is from the output of 

the furnace, the larger must be the temperature correction in the zone.  
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Then, the simulations were carried out, with the goal to find out the sensitivity of the surface and core 

temperature change of the heated material at the furnace output in dependence on the position of the heated 

material in the furnace during one hour dead time in charging. 

The first simulation represents surface and core temperatures of the heated material at standard regular 

furnace course (without dead times). Second simulation shows surface and core temperatures of the heated 

material, which occurred during one-hour dead time at first position in the furnace (P1). Following 3-7 

simulations are carried out for various positions of the heated material in the furnace (P10-P50) during dead 

time. The eighth simulation is carried out with the dead time in the last position of the furnace (P57) before 

the output of the heated material from the furnace. 

It can be seen from Fig. 3 that the influence of the heated material position in the furnace during one-hour 

dead time will not take into effect until position P30, which in simulated furnace corresponds to the third 

furnace position. The influence of dead time arises with the increasing position value in the furnace. The 

Fig. 2 Simulation results for temperature reduction 

influence detection in furnace zones on surface and 

core temperature of the heated material 

Fig. 3 Simulation results for dead times influence on 

surface and core temperatures of the heated material 
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most significant is the dead time influence on the heated material, which occurs in the last position (P57). In 

this case the surface temperature would increase about 10 °C and core temperature about more than 20 °C. 

4. DEAD TIME INFLUENCE CORRECTION AT CHARGING BY TEMPERATURE TIME CURVES 

OPTIMIZATION IN SINGLE FURNACE ZONES 

Dead time influence on temperature increase of the heated material surface and core at the furnace output 

may be effectively compensated by appropriate temporary temperature lowering in single zones. For this 

reason, simplified mathematical models, with which it is real to carry out multifold simulation and a selection 

of the appropriate solution to be able to real-time continually interfere to required set regulated values in 

single zones, may be used. Based on the analysis of charging dead time influence as well as the 

temperature influence in single zones on final temperature of the heated material, it is possible to define 

requirements on optimization algorithm: 

 The goal is to achieve stable temperature values of the material heated surface (in this case ±3 °C 

aberration from standard heating) with technologically allowed temperature compensation at cross 

section length, 

 Temperature setting interference at single furnace zones must take into account technological 

requirements for maximum allowed decrease and increase (in this case 1 °C per minute), 

 Temperatures at single zones must not exceed technologically set thresholds, 

 Optimization proceeds in its calculations for material located at the last position at the furnace output 

(the most significant changes) in the direction to the positions with lower sequence number (less 

important changes), 

 Optimization consist in the fact that with dead time increase is the temperature in selected zone 

reduced so that from the moment of standard cycle charging were required parameters of heated 

material at real temperature increase in the zone for prescribed extent ensured, 

 Optimization is based on the best increase and decrease temperature velocity strategy discovery in 

single zones, when based on multiple heating simulations is decided. 
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Randomly chosen method may be used for optimization realization itself. In this case, fundamentals of 

genetic algorithms were used with the advantage. The results of one-hour dead time charging correction for 

material, which was at the dead time at 46th furnace position, are visible in Fig. 4 and 5. The heating 

Fig. 4 Time flows of significant values without 

temperature corrections at zones 

Fig. 5 Time flows of significant values with 

temperature corrections at zones 
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simulation with a dead time is in Fig. 4 without temperature correction in furnace zones; Fig. 5 represents 

heat time curve with temperature correction in single furnace zones. Column graph in Fig. 6 shows the result 

of the whole 60 minutes dead time correction influence. The first column in each set represents surface or 

core temperatures of heated material at standard heating; the following columns represent these 

temperatures during dead times, when the heated material was situated at P56, P46, P36 and P26 positions. 

It is evident from the graph that the surface temperature of the heated material was able to stabilize by 

corrections; core temperatures are possible to be influenced only mediated, but even here the improvement 

is evident. 
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5. CONCLUSION 

The heating process optimization goal by means of corrections of required values settings of control circuits 

controlled values in singe furnace zones is parameters’ stabilization of the final product at minimizing the 

energetic and material heating severity. The elements of artificial intelligence, such as artificial neural 

networks and genetic algorithm bases may be with success exploited for the creation of fast and simplified 

models and for optimization itself. Very similar solutions are described in [7] to [10], where artificial neural 

network are used for predictions and optimizing. 
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Abstract 

In the field of technological process management, it remains of interest to discover methods which enable 

optimization of process controllable inputs. Optimized inputs are the ones through which a process yields its 

best outputs. In recent years a so-called noise has also been taken into account in process regulation. The 

noise represents factors that cannot be set up during the process regulation, but may exert a great influence 

upon the process outputs. Such factors include, in particular, change of environment and human factor 

(technological indiscipline, for instance). Although there are already many methods available for these 

purposes, their use remains very limited. For practical reasons, it may therefore be useful to make an 

overview of such methods, and compare them; potentially recommending which of them should be used. 

And such is the aim of this paper. The authors of the article also include a description of the general theory in 

the form of practical algorithms, to facilitate the use of the discussed methods.   

Keywords: experimental plan, Pareto’s analysis, process stability, ANOVA, optimization 

1. INTRODUCTION 

The aim of the paper is to show ways of increasing stability of technological process management. In this 

context, two procedures that enable us to include a so-called noise in experimental plans are presented, as 

well as use of graphical methods in process optimization.  

2. INCLUSION OF NOISES AS INPUT FACTORS IN AN EXPERIMENTAL PLAN  

The first procedure to be discussed includes nonadjustable factors affecting process (henceforth noises) as 

well as adjustable inputs in an experimental plan. The procedure is illustrated by the following problem 1.  

Problem 1 (data taken from [1], and adjusted) 

Let the observed output Y of a process, describing quality of that process, depend on four factors: A = x1, B = 

x2, C = z1, D = z2. Of the four factors, A and B are adjustable, whereas C and D are nonadjustable noises. 

We want to set up the process in such a way so that the process yielded the highest values of Y, while being 

stable, i.e. while the effects of the noises were taken into consideration. The plan with 25 experiments is used 

for these purposes (Table 1). Noises are included in the plan in the same way as the adjustable inputs.  

Table 1 An extract of the experimental plan 24 

Experiment Rank A=x1 B=x2 C=z1 D=z2 Y 

1 2 -1 -1 -1 -1 550 

2 16 1 -1 -1 -1 669 

: : : : : : : 

16 11 1 1 1 1 729 

This is a convenient way how to include the noises in the plan thanks to the small number of experiments (16 

in this case) and the simplicity of such a plan. The table outlines a full experimental plan consisting of all 

mailto:josef.tosenovsky@vsb.cz
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possible combinations of the assumed two major 

levels of the factors. Mathematically however, it is 

more difficult to find an equation that would 

describe dependence of variability of Y on factors 

and noises, the variability being an important 

aspect in such an experiment.  

To find such an equation, it is first necessary to 

calculate effects of the factors and select those 

factors with the strongest effect on the observed 

output characteristic Y. This can be done in more 

than one way - using Pareto’s graph, for instance 

(Fig. 1). 

The most influential factors, as depicted by the 

graph, are the factors A, D and AD. We shall 

work with them. Apart from the graphical method, 

one can also use analysis of variance (ANOVA) 

to assess the significance of the factors. 

 

Table 2 ANOVA 

ANOVA      

 Sum of  Mean F p-value 

Source Squares df Square Value Prob > F 

Model 510791.3 5 102158.3 49.52017 < 0.0001 

A-x1 41310.56 1 41310.56 20.02487 0.0011883 

B-x2 10.5625 1 10.5625 0.00512 0.94437 

C-z1 217.5625 1 217.5625 0.105461 0.75206 

D-z2 374850.1 1 374850.1 181.7047 < 0.0001 

AD 94402.56 1 94402.56 45.76068 < 0.0001 

Residual 20629.63 10 2062.963   

Total 531420.9 15    

Influential factors are the ones with the p-value smaller that the preset nivel of test. These are again A, D and 

AD, as suggested by Pareto’s graph. Even better interpretation is obtained when the effect of the factors is 

expressed in per cent (see the last columns of Table 3). 

Table 3 Effect of the factors on Y in per cent 

 Term Effect SumSqr 

% 

Contribtn   Term Effect SumSqr 

% 

Contribtn 

Require Intercept     Require Intercept    

Model A-x1 -101.625 41310.56 7.773605  Error AC -24.875 2475.063 0.465744 

Model B-x2 -1.625 10.5625 0.001988  Model AD -153.625 94402.56 17.76418 

Model C-z1 7.375 217.5625 0.04094  Error BC -43.875 7700.063 1.448957 

Model D-z2 306.125 374850.1 70.53732  Error BD -0.625 1.5625 0.000294 

Error AB -7.875 248.0625 0.046679  Error CD -2.125 18.0625 0.003399 

 

Pareto Chart

t-
V

a
lu

e
 o

f |
E

ffe
ct

|

Rank

0.00000

3.3699

6.7399

10.110

13.480

Bonferroni Limit 3.82734

t-Value Limit 2.22814

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

D

AD

A

C
B

Rank 

Fig. 1 Finding influential factors in Pareto’s graph 
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The analysis shows that of the adjustable factors 

only A(x1) is significant (contributing to 

changes of Y with 7.77 %), while factor B(x2) 

is not influential.  

On the other hand, the nonadjustable factor 

D(z2) is far more influential (70.54 % !). This, 

however, means that the process runs virtually 

without any major regulation, as it is affected 

mostly by the noise D the behaviour of which 

is out of control. The interaction AD also 

appears to be significant (probably a 

consequence of the individual significance of 

A and D).  

Further, let us observe the Fig. 2 which 

depicts the effect of the various levels of A 

and D on the output: When A is at its lower 

level and D at its upper level (A-, D+), the 

output Y is by far the highest (1056). On the 

contrary, if the level combination A- and D- is used, the output Y is at the bottom (597). Therefore, when Y is 

to be maximized, one should try to keep the factor D at its top level and adjustable factor A at its bottom 

level. Such an analysis optimizes Y, taking into account the effect of D. However, D is noise which is out of 

control, and so the problem of minimizing its 

effect must be considered.  

Minimization of process variability can be 

achieved with the following function that 

models the Y’s variability. 

2

2

2

121 36.48178.589992.16908.2315398.44070),(var xxxxzxY 

       (1) 

The process variability is measured by the 

characteristic ),(var)( zxYYPOE  . POE, 

as a function of adjustable inputs, is plotted in 

Fig. 3. 

Fig. 3 shows that POE does not depend on x2, 

and most of all, POE is minimal when x1 is at 

its top level. The question is how to harmonize 

the requirement of Y being optimal when x1 is 

minimized with the requirement of POE being 

optimal when x1 is maximized? One can proceed by optimizing the process numerically while observing what 

is called characteristic of desirability.  

Numerical optimization aims to find levels of inputs which maximize Y and minimize POE. The quality of 

input levels is assessed by the characteristic of desirability. The characteristic can take on values between 

zero (the worst case) and one (the best case). In our example, the characteristic of desirability equals 0.796 

(roughly 80 %) for the given levels of the inputs expressed by coded values. Noises are assumed at levels 

corresponding to their expected value.  
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x1 = -1.0000

-1.0000 1.0000

x2 = -0.93994

-1.0000 1.0000

z1 = -1.5189E-006

0.00000

-1.0000 1.0000

z2 = 9.6913E-006

0.00000

-1.0000 1.0000

Y = 827.64

550.00 1075.0

POE(Y) = 258.26

137.74 639.81

Desirability = 0.796
 

Fig. 4 Final values of the factors and the desirability 

3. INCLUSION OF NOISE IN A CROSS-EXPERIMENTAL PLAN  

Another way how to work with noise is to create plans both for the factors and noises separately, and 

rearrange the plans to create a so-called cross plan. We shall use another problem to describe the principle.  

Problem 2 (data taken from [2], and adjusted)  

A certain chemical operation has a linen softener as its observed output. The quality of the ouput is 

measured by the degree of its viscosity (Y) which is to be the lowest possible. The variable Y depends on 

five adjustable factors A, B, C, D and E (some of the factors are qualitative in nature), and it also depends on 

three types of noises M, N and O. The output Y is to be produced in such a manner so that it wasn’t 

influenced by the noises.  

The experimental plan is organized here as a cross (see Table 4), meaning that the experiments 1 to 8 are 

carried out for different noise scenarios. Expected value of Y and logarithm of its variance are then 

calculated for each experiment. The logarithm is used to adjust the order of units.  

Table 4 An extract of cross-experimental plan (Exp. denotes experiment) 

      Noises   

      M - + - +   

 factors N - - + +   

Exp. A B C D=AB E=BC O=MN + - - +   

       Y1 Y2 Y3 Y4 Y  logS2 

1 - - - + +        

2 + - - - +        

: : : : : :        

8 + + + + +        

One of the advantages of the plan is the simplicity of obtaining and recording not only the expected value of 

Y but also its variance S2. A drawback, on the contrary, is a higher number of experiments (8 x 4 = 32 in this 

case). Mathematically, this procedure is less demanding than that in problem 1. Now, using Pareto’s 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1666 

diagram, factors C, D and AE seemed to influence the output Y significantly. The graph of interaction was 

also constructed for the significant interaction AE (Fig. 5). The graph will enable us to find the optimal 

settings of A and E with respect to the minimization of Y.  

 

 

Optimization of Y 

 

Y is smallest (optimal) for 

A-, E- or A+, E+, in both cases is 

Y = 443.725.  

 

On the contrary, for A-, E+ or A+, 

E- is maxY = 1435.93. 
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Fig. 5 Interaction AE: effect of A and E on Y 

Assessing the effects of D and C on the output Y.  
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Fig. 6 Levels of D Fig. 7 Levels of C 

Effect of the levels of D on Y 

It is clear from the graph that Y is minimized when D 

is at its bottom level D-. In this case, Y = 523.1. 

Effects of the levels of C on Y 

Y is minimal for C at top level (C+) when Y = 605.3. 

 

Process variability  

Based on the Pareto’s diagram, factors A, E and AE are the ones that influence significantly the 

characteristic of variability logS2. Fig. 8 shows the interaction AE and its effect on logS2. When the two 

factors that make up the interaction are at its top level, i.e. A+, E+, logS2 is minimized (2.19). When the 

settings are A-, E+, logS2 is maximized (3.125). In case of E-, logS2 is more or less stable, independent of the 

level of A (Y = 2.85 for A-, Y = 3.02 for A+). 

Another graphical tool for process regulation support is a three-dimensional graph describing dependence of 

log S2 on A and E. The dependence is given by the following function logS2 = 2.8050 - 0.2 A - 0.1475 E -
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0.2675 AE. The remaining factors are 

assumed to be at levels corresponding 

to their expected values. The function is 

depicted in Fig. 9. Areas with the 

smaller or higher output variability can 

be found in the figure. It is convenient to 

use cuts run through the graph and 

projected onto the plane AE. Fig. 9 

shows curves in the plane AE which 

represent combinations of A and E 

levels that yield the same value of 

logS2.  

4. CONCLUSION  

Optimization of outputs is an important 

task, but achieving process stability is 

equally important as well. It is therefore 

necessary to set up adjustable inputs to 

the process, so that the output was 

optimal, while its variability was 

minimized. The graphical methods 

mentioned in the paper are a very 

efficient tool to achieve such objectives. 

Another way how to increase the 

process stability is to include noises in 

the analysis of process settings. The 

noises can be considered either as 

input factors (problem 1) or they can be 

handled using a cross-experimental 

plan (problem 2).  
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Abstract 

In the presented article, we describe a general procedure to solve the problem of how many employees 

there should be in a workplace so that the time to get the necessary work done didn’t exceed a desired level, 

or more precisely, that the probability of the work lasting too long was considerably low. We outline our 

procedure on the assumption that historical data of process cycle times for different amounts of work and a 

given daily number of employees are available. Further, we assume the times always follow a Gamma 

distribution, and the employees are equally productive. To derive the procedure, unconditional and 

conditional expected values and variances are used to estimate parameters of various Gamma distributions, 

relating behaviour of process cycle times to different daily numbers of employees. 

Keywords: Model, work shift, expected value, variance, number of workers 

1. INTRODUCTION  

As is generally known, Six Sigma methodology tries to resolve problems that occur in processes of an 

organization. Every process is characterized by outputs which give us a picture about the level of that 

process. It is the aim of Six Sigma to describe relevant outputs of a process, analyse their relation to the 

process inputs and define levels of the inputs so as to push the outputs to desired levels. Within the 

framework of Six Sigma, process level is described indirectly - by the probability that its outputs will fall 

outside the desired levels. The lower the probability, the higher the level of such a process [1], [2]. 

Process cycle time is one of the outputs that often draws attention. Process input may be represented by the 

number of employees who go out to work on a given day. Obviously, there is a connection between this input 

and the process cycle time. This is true in particular for workplaces that are based on a shift system. In this 

case, one might ask how many employees should be hired for these shifts, so that their working process 

didn’t last too long, or within the context of Six Sigma, so that the probability of the process cycle time 

exceeding a certain maximally acceptable level equalled a sufficiently small number. Such a problem is 

stochastic in nature, of course, and it may not be straightforward to find its solution because not only does it 

require the stochastic approach, but also one must resolve the data problem lying in the fact that available 

are only the data on the process cycle times for different amounts of work done, corresponding to 

a historically given daily number of employees. The question is how to model the process cycle times for 

various daily numbers of employees. If we can establish such a relation, we may express the quality of the 

process in terms of the aforementioned Six Sigma probability as a function of the number of employees who 

commute to work every day.  

The outlined problem can be resolved in a general form provided that certain very natural conditions are in 

place. And this is also the objective of the presented paper. The article aims to describe a general approach 

to solving the outlined problem in a natural and fairly straightforward way. 

2. PROBLEM FORMULATION 

Formally, we state our problem as follows: Let there be a workplace employing d workers per day. The 

workers process together m different types of tasks in amounts stacked in a vector ). Thus, 

mailto:tosenovskyfilip@opf.slu.cz
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 represents the amount of work required to be done by the i-th task, i = 1, 2, ... , m. We assume that each 

employee works on all the tasks. Since the employees are in the same workplace, they work virtually side by 

side, i.e. their working processes are parallel to each other. Further, let all d employees process together the 

overall amount of work  in y hours, where y is governed by a stochastic model  with  

being a zero-mean random variable. Such a function can be estimated by different regression procedures 

[3]. This is quite a general situation, to which we attach the assumption that process cycle times follow a 

Gamma probability distribution, a typical model for these situations, and the assumption that there is no 

difference in productivity among the employees. In practice, this will never be perfectly true, of course, but 

the condition should be often met at least approximately. As we shall see, the last assumption is essential for 

our analysis. 

The task is to find such a daily number of employees that the probability of the amount of work x being 

processed longer than required will be equal to a sufficiently small number. This means, given our 

assumption on the probability distribution, that we require , where  is a small and 

positive number defined beforehand, and  with the parameters of the Gamma distribution being 

equal to  and . Our starting position is such that process cycles times for different amounts of work  are 

available from the past, all this being true for only one known daily number of employees d, the current 

number of employees. 

3. PROBLEM SOLUTION 

The parameters  of any Gamma distribution are functions of the expected value and variance related to 

such distribution: , . Thus, if we can estimate the two moments for different daily 

numbers of employees, we can estimate the probability  for different daily numbers of 

employees as well. We may then select the number of employees so that  is small. 

To estimate the expected value, we shall use the historical data and the law of iterated expectations [4], [5] 

which states that expected value of the conditional expected value equals the unconditional expected value: 

. As usual, the inner  means integration with respect to , the outer  means integration of 

the result with respect to . The inner, or conditional expected value is  in our case. The outer, 

or unconditional expected value can be estimated as , where  is the 

probability of having the amount of work  for processing. The probability may be estimated by relative 

frequencies of occurrence of x - the information available from history. Therefore, we arrive in a 

straightforward way at the natural estimate of the unconditional expected value for the process cycle time 

related to the current daily number of employees d.  

Now, we want to find a natural estimate of the unconditional expected value for the process cycle time, that 

would be related to a different daily number of employees. To be able to do so, we must draw on the 

assumption that all the employees are equally productive. The assumption implies that currently it takes 

every employee  hours in average to process the  amount of work. Let us imagine that we want to 

process the batch x faster, say in t hours in average. We are asking ourselves how many employees we 

need every day to achieve this objective. Let us denote the unknown daily number of employees by z. If 

z employees are to process the amount of work  in t hours in average, then the assumption of the same 

productivity implies that each of the z employees will process the amount  in t hours in average. The 

current d employees, as we know, will process the amount  in t hours in average. This means the 

following relation must hold  

.                              (1) 
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In other words, we are looking for z that satisfies equation (1). We can find such z either explicitly or using 

numerical methods, such as the Newton’s method or its suitable modification [6], [7]. 

This is how one may obtain a relation between different average process cycle times t, different amounts of 

work x and different daily numbers of employees z. We denote t satisfying equation (1) as . Having 

this result, we can now estimate the unconditional average process cycle time for a given daily number of 

employees z, denoted , according to 

              (2) 

As another step, we want to estimate , i.e. the variance of the process cycle time for a given daily 

number of employees z. Again, we can start with the variance related to the current daily number of 

employees d and a specific amount of work x. We denote this conditional variance . The 

characteristic can be estimated directly by the sample variance calculated from the cycle times available for 

the given amount of work x, using the conditional expected value estimated by f as the sample average for 

this purpose. We did not use this direct approach to estimate the conditional expected value (by sample 

average), because we need to benefit from having the function f, as this function not only estimates the 

conditional expected value, but also and more importantly, it describes a certain relation. 

Having estimated , we try to solve the same problem we encountered with the conditional expected 

value, i.e. the problem of estimating the conditional variance for different daily numbers of employees. If 

z employees are considered, in general, the variance is denoted . We may solve the problem by 

returning to our assumption of the same productivity of the employees. The assumption implies that the time 

an employee needs to process a certain amount of work varies in the same way, regardless of which 

employee we consider. This means that , which holds for every . This is an obvious 

fact, resulting from the parallel work of the employees and their same productivity. The equation is true for a 

different daily number of employees as well. In other words, . However, this further 

means that, writing , we get  

.       (3) 

On condition that every employee yields the same productivity, we may conclude  

.                            (4) 

This result suggests that it is advisable to collect the historical data before the analysis in such a way that 

process cycle times for the amounts of work  are available. If this is the case, we can calculate the 

estimate of the unconditional variance of process cycle times for a specified daily number of employees z, 

according to the well-known formula [4], [5] which relates such variance to the expected value of the 

conditional variance and variance of the conditional expected value  

.                      (5) 

Here, the first term on the right satisfies the approximation 

                          (6) 

and the second term on the right is estimated by  

                   (7) 

or by  

                     (8) 
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Everything is available to calculate these estimates. The characteristics  and  can now be used 

for the calculation of the parameters  of the corresponding Gamma distribution which describes the 

behaviour of process cycle times for the daily number of employees z. Thus, we may estimate the probability 

that the process cycle time exceeds a specified upper time limit, and we may set the daily number of 

employees at such a level so as to restrain the probability to low values corresponding to the six sigma level 

or any other desired level of process quality.  

4. CONCLUSION 

In this article, we outlined a general procedure to solve the problem of how many employees there should be 

in a workplace so that the time to get the necessary work done didn’t exceed a desired level, or that the 

probability of the work lasting too long was sufficiently low. We described our procedure on the assumption 

that historical data of process cycle times for different amounts of work and a given number of employees 

were available. Further, we assumed the times followed a Gamma distribution, and the employees were 

equally productive. Under these assumptions, the procedure defining the appropriate daily number of 

employees may be summarized by the following algorithm: 

1) Find a function  (by regression, for instance) which relates the average process cycle time to the 

given amount of work  for the current daily number of employees d. 

2) For different amounts of work  and different daily numbers of employees z, calculate . Set 

  = . 

3) Calculate , where  is the relative frequency of occurrence of the work 

amount , obtained from historical data.  

4) Calculate  as a sample variance of the cycle times recorded for the amount of work . 

5) Calculate  for such ’s and z’s that process cycle times for the amount of 

work  are available from the past. For unfavourable combinations of ’s and z’s for which there 

is no history available, interpolation can be used. 

6) Calculate , where the first term on the right is 

 and the second term on the right is 

. 

7) Find parameters  from equations , . 

8) Calculate , where , i.e. the probability of exceeding the upper time limit 

when z workers are employed every day.  

9) Select z for which the probability in step 8 is small enough.  
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Abstract 

The objective of this research is to derive a basic systematized approach for the analysis of a supply chain 

element concerning performance, deviations and risks. Therefore, a literature research has been made 

analyzing the systematization approaches in the supply chain risk management, followed by a scheme for 

the analysis of deviations within a supply chain segment. In order to perform a precise evaluation, the 

Balanced Scorecard approach of Norton and Kaplan has been extended to those requirements and 

appropriate recommendations have been made regarding its application within the SCM. 

Keywords: supply chain management, supply chain deviation management, risk management, SC-review, 

SC-balanced scorecard 

1. INTRODUCTION 

To the continuous changing conditions in the different areas of doing business, a company needs a 

systematic tool to control and react to deviations resulting out of the internal and external interfaces of the 

business environment. The tool should offer a view to the past, the actual status, as well as the future. Like 

in the military history it is the most important thing to get the right information at the right time, to come to the 

right conclusion and take the right decision first and change, install and apply the strategy to achieve your 

targets. In the literature a big advantage to competition will see in the management of the whole supply chain 

and collaboration with each partner to maximize the end customer’s benefit. This SCM approach covers 

strategic-, tactical- and operational performance of the supply chain as a whole. 

2. SUPPLY CHAIN MANAGEMENT 

2.1. The origin and definition of SCM 

Several authors see the origin of the supply chain approach in the idea of Industrial Dynamics, which was 

developed by Forrester and his colleagues from the Massachusetts Institute of Technology (MIT) [1]. In 

1982, the term supply chain management was published for the first time when Keith Oliver, consultant at 

Booz Hamilton, used it in an interview for Financial Times [2]. Nevertheless, the term has not further been 

used but, during the 1990s, it re-appeared within publications and books concerned with the topic. Since the 

end of the 1990s, authors often use the term "Demand Chain Management" to put forward the customer´s 

benefit. The customer´s needs are the starting and reference points of business activities. They have to be 

discovered in the supply chain in order to be met efficiently [3]. 

Christopher [4] defined SCM as “the management of upstream and downstream relationships with suppliers 

and customers to deliver superior customer value at less cost to the supply chain as a whole.”  

In the definition of Stadtler [5], SCM is “the task of integrating organizational units along a supply chain and 

coordinating material, information and financial flows in order to fulfill (ultimate) customer demands with the 

aim of improving the competitiveness of a supply chain as a whole.” 

mailto:Steffen.reinecke@thyssenkrupp.com
mailto:radim.lenort@vsb.cz
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2.2. Supply chain system view 

SC-networks are open systems, built of businesses and their interactions, so called value-added processes. 

Additionally, each business is seen as own system. That way, a supply chain network can be described as a 

"system and subsystem of processes and sub processes". Indeed, in order to evaluate a supply chain, it has 

to be understood as a complete system, but it also has to be segmented into its single subsystems, which 

again have to be further analyzed and evaluated. From an evolutionary oriented point of view, it is less 

important to analyze a static condition in a certain point of time. It is more important to understand the 

mechanisms which led to this condition [6]. The aim is to discover disturbances within the internal and 

external interfaces of the system and process partners, which cause deviations and subsequent risks within 

the total supply chain system. For that, the term SCRM (supply chain risk management) became widely 

accepted in literature. 

3.  THE SUPPLY CHAIN DEVIATION- OR RISK- MANAGEMENT 

The term risk is originated in the Greek language and means cliff or danger. The term is defined differently 

within single scientific disciplines and has also negative colloquial connotations as it refers to unfavorable 

prospects and undesirable states [7]. Generally, a risk is defined as product of the occurrence probability of 

an event and its consequences in reference to the deviation of the desired results and is evaluated in the unit 

of the command variable [8]. From a scientific point of view, the concept of risk has to be considered in a 

more sophisticated way, because, on the one hand, risks have to be distinguished from uncertainties [9] and, 

on the other hand, they could also be linked with positive developments and prospects. Therefore, it is 

reasonable to use the term supply chain deviations management (SCDM) synonymously with supply chain 

risk management as the supply chain is a dynamic system of several interconnected and interacting 

subsystems and processes, where every modification of input or output is a trigger for risk potential. The 

following examples comment on several symptoms for internal and external deviations in the supply chain, 

which necessitate a detailed analysis: 

Arranged delivery dates have to be adjusted to extra shifts (weekend, holidays), manpower surplus 

(temporary staff/overtime) and progress chaser; Shortages occur, although there are enough capacities; 

Adherence to delivery dates is not met despite of high stocks of semi-finished and finished material; 

Incoming orders highly change and have to be checked, although the outflow is stable in a long-term 

retrospective view; Deliveries via extra-tours are on a daily occurrence; Additional operations for sorting, 

checking and repacking are necessary; Daily short-term changes in the production plan; Excessive 

examination of incoming raw material and semi-finished material; Regular change of suppliers; Due to 

changes in demand or product, production time stretches; Despite of systematic stock management, the 

purchasing department places extra orders; Payment delays of customers or suppliers. 

In order to analyze the whole network for a risk evaluation, it is necessary to systematize or classify the 

supply chain risks and to find another method to analyze the several supply chain segments. 

3.1. Systematization approaches of supply chain risks 

According to Baumgartner et al [10] and Kajüter [11], risks are divided into internal and external risks. Also 

Hendricks and Singhal [12] differ between internal and external risks, at where external risks are further 

divided into customer and supplier risks. Norman and Lindroth [13] differ between strategic risks, which 

means plan variance, financial risks, which lead to a loss of financial control, operative risks due to human 

mistake ad error, commercial risks due to disturbances in the business relations, and technical risks resulting 

from total black out or damage to the capital assets.  

Wagner and Bode [14] also distinguish between demand side risk and supply side risk, so in customer and 

supplier, but further differ between bureaucratic, infrastructure and catastrophic risks. In his arrangement of 
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risks in logistic networks, in 

contrast, Tapiero [15] refers to 

operational risks, external risks, 

strategic risks and risk 

externalities. Cavinatho [16] 

separates the supply chain risks 

in financial, physical, 

informational, relational and 

innovational risks. In order to 

detect business risks, 

Christopher [17] suggests 

identifying his five main sources 

of risks via audit of the whole 

network, as they are responsible 

for the disruption of the supply 

chain. He describes supply risk, 

demand risk, process risk, 

control risk and environmental 

risk as main sources. 

All these approaches are based on negative deviations that mean dangers which could lead to a supply 

chain disruption and harm the business. However, the criteria for risks should not be regarded in isolation, 

because they have an effect on each other. In an overall view, all the above mentioned risks can be 

integrated into the model of Fig. 1, respectively into the four main groups. 

3.2. SCM-review method to analyze and review a single supply chain segment 

To determine the sources of deviations and disorders in the supply chain, a concept in reference to the 

systematization of Christopher is suggested. As shown in Fig. 1, the supply chain is broken into the smallest 

segment (system) and is analyzed from an internal business point of view, all around to the external 

interfaces. In order to determine deviations, dependencies and their risks, it is important to define objectives 

and indicators. When these objectives are not adequately defined, or not defined at all, the deviations cannot 

be identified or merely deficient [18]. The measurement and review of the performance and vulnerability of a 

management system is important to all levels of management from the top manager down to the operations 

manager. Aims in the application of performance measurements to review management system as 

presented from Gunasekaran & Kobu [19] are: 

Identify success; Proof whether the customer need is met; Better understanding of processes; Identification 

of bottlenecks, wastes, problems and improvement opportunities; Providing factual decisions; Enabling 

progress; Tracking progress; Facilitating a more open and transparent communication and cooperation 

3.3. Requirements on performance measurement systems 

3.3.1.  Involvement of each functional area 

Wisner and Fawcett point to the significance to involve all functional areas in the measurement matrix and 

develop an understanding of each in achieving the various strategic objectives.  

They suggest developing global performance measures compatible for each functional area, which are 

capable to define a company’s overall competitive position to the top management [20]. Each business 

process whether core process, support process or management process is part of the company and is 

keeping the competitiveness by each performance at different levels so it should be measured. 

Fig. 1 Panoramic view out of a supply chain segment 
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3.3.2. Linkages between performance measures and company’s mission statement 

In the beginning, there is a mission who describes which way the company will develop, so there is a need to 

clearly define the mission statement and use this as a guide to identify the company’s strategic objectives 

[20]. When the strategy is fixed and the performance measures are defined, the way is given how to achieve 

the business targets. Ghalayini connects the performance measurements with the company’s strategy by 

defining a set of improvement areas and associated performance measures that are related to company 

strategy and objectives [21]. Gunasekaran et al refer to measurement goals which represent organizational 

goals in relation to strategic, tactical and operational levels of decision making and control to achieve 

effective performance measurement and improvement. [22] Also Thakkar describes that it is necessary to 

reflect the clear linkages between performance measures and the various levels of decision making at 

strategic, tactical and operational level [23]. 

3.3.3. Involvement of each management level 

The performance measurements should be visible to all levels of management. Therefore also the 

communication of strategic objectives and performance goals to lower levels in the organization is essential 

[20].The performance criteria’s at each level must established specific, to break down the top management 

strategy objectives to the lowest operational levels and set targets. It is important to make sure that the 

management of the different levels will have the ability to impact there given performance measures. 

Otherwise they will not work on them. 

3.3.4. Key measurable KPI’s 

A requirement on performance measurement metrics is an adequate balance between financial and non-

financial measures [22], [23]. Additional to that Neely et al. further ask if the internal and external few have 

been covered, as well as which measures related to long and short term objectives have been introduced 

and whether any of these measures do conflict with each other [25]. In the meaning of Beamon, strategic 

goals involve key elements that include the measurement of resources, output and flexibility [24]. Ghalayini 

stresses the role of time as a strategic performance measure [21]. Neely et al. presents a few of the 

categories in the literature, including: quality, time, flexibility, and cost [25]. Wisner identifies the company’s 

strategic objectives guided by the mission statement in the few of profitability, market share, quality, cost, 

flexibility, dependability, and innovation [20]. 

Summing up extended with own ideas to pm-requirements: 

Involvement of each functional area; Involvement of each management level; Linkage to the company 

mission statement; Linkage to finance performance; Cover strategic, tactical and operational level (Long and 

short term objectives); Balance between financial and non-financial measures; Internal and external view; 

Evaluation of the process output regarding cost, quality, time and service; Reflect the root cause relationship; 

Select performance drivers with deepest impact; Orientation on continuous improve- and deviations 

management; Risk & chance examination; No conflicting objectives. 

3.4. Adjusted BSC to SCM and Risk requirements 

In literature a lot of different approaches for performance measurements are available, for example the 

Performance Pyramid, the Performance Measurement Matrix, the SCORE-Model as well as the Balanced 

Scorecard BSC.  

Additionally there are some company internal developed approaches like the Caterpillar-, Harman-, and the 

Skandia Navigator approach. [26] In the view of the requirements from chapter 3.3, the biggest amount of 

coverage could be seen within Norton and Kaplan’s balanced scorecard approach. 
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The basic idea of the BSC is to measure the performance with a balance between long and short term 

objectives, non-financial and financial measures, internal and external performance as well as lagging and 

leading performance indicators. The focus lays on the measures with the highest impact to business to limit 

the number of measures. [27]  

The standard Balanced Scorecard consists of 4 points of view to evaluate the corporate performance from 

different perspectives.  

 The first is the financial perspective. It should answer the question: “How do we look to shareholders?” 

 The second is the customer perspective. It should answer the question: “How do customers see us?” 

 The third is the internal process perspective: This view is oriented at the internal value chain and gives 

answer to the question: “What must we excel at?” 

 The forth is the learning and growth perspective. They will give answer to: “Can we continue to 

improve and create value?” 

This standard balanced scorecard need to be updated to the requirements and dependencies of a supply 

chain. Regarding the risk approach two prospects are proposed to be added. One is the business 

environment which concerns all partners of the supply chain and has impact to a lot of functional areas and 

processes. For example the availability of infrastructure, high educated workers, stable political environment 

and sponsorship for R&D projects are outputs of the business environment. Another dependency in the view 

of a supply chain is the supplier performance. Especially during the launch of new projects the supplier 

involvement from the early beginning is essential for the project success. Both of them are external 

dependencies, where the influence and the scope of action are limited, but their impact on the company’s 

business success is heavy. So the authors recommend to use the Balanced Scorecard approach derived 

from Norton and Kaplan [27], shown in the Fig. 2.  

 
Fig. 2 SC-BSC derived from Norton & Kaplan 

In this classification the original balanced scorecard was extended with the prospects on the supplier as well 

as on the business environment. This is necessary to have all dependencies, risks, chances and deviations 
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in the view of the supply chain management board. The scorecard is divided into 3 internal (black marked) 

and 3 external prospects (red marked). 

This scorecard should measure and evaluate the indicators and performance drivers which lead a company 

in the overall view on its supply chain to advantages in competition and excellence in doing business. To 

achieve an overview of the whole supply chain, it is necessary to entirely apply this SC-system review from 

the whole, final customer to the supplier of raw material, with the help of supply chain managers, in order to 

detect risks and deviations and to arrange actions to correct, prevent, or improve and possibly redesign the 

SC.  

All participants of the supply chain should also be involved in the definition of operating Figs.  (KPI’s) and 

objectives, in order to assure an open information exchange and to improve a subsequent comparability to 

execute supply chain benchmarks. That way, the strongest and weakest chain segments are identified to 

establish penalties, rewards or a development in form of training and coaching. This approach deepens the 

SC internal customer-suppliers relationships and supports the knowledge transfer within the supply chain. 

4. CONCLUSION 

The idea of this article results from different points of view on the risks in the supply chain. The outcome was 

a simplified model, which includes all perspectives and protagonists and mirrors an overall picture, as long 

as it is applied to all businesses of the supply chain. In combination with the modified balanced scorecard it 

is possible to compare the contributory participants to each other and to evaluate them in order to derive 

appropriate procedures. 

Further investigations should analyze how the participants collaborate together and how they perform the 

sharing of information’s, as well as the sources of limitations. So the following questions remain: 

1) What KPI’s are commonly used by the supply chain partners? 

2) What is the input and output of each prospect interface? 

3) How could a standard BSC of a manufacturing SC looks like? 

4) Which KPI’s are the supply chain partners willing to share up and down stream? 

5) How will the SC-Partnership be evaluated? 

6) How do they counter steer against deviations to prevent effects like bullwhip and others? 
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Abstract  

In production processes Life Cycle Assessment represent effective tool for accessing information about 

potential and real impacts of products life cycle. Life cycle analyses of products involve especially material, 

energy and economic flows. But they are also suitable for information about production and consumption 

impacts on the workers, the consumers, the local communities, the society and other shareholders. Social 

Life Cycle Assessment is an extended concept for decision-making processes, covering traditional 

environmental content and on the top of that assessing social and socio-economic impacts related to 

products’ life cycles. Many companies in metallurgy introduce Life Cycle Assessment and environmental 

management systems in consideration of potential savings and avoiding material wastage. But effective 

corporate management system should bring balanced information covering economic, environmental and 

social tasks of company’s production processes. 

The contribution deals with the application of Social Life Cycle Assessment on metallurgical materials 

production and their limitations and problems. The main objective is to determine optimized ways of 

implementation of Social Life Cycle Assessment for company materials and products to reinforce company 

competitiveness, environmental performance and sustainability.  

Keywords: Social aspects, life cycle analysis, corporate sustainability, social impact assessment 

1. INTRODUCTION 

Research and development of new metallurgical materials and products has been concentrating on several 

areas in the last two decades. The main and still dominating requirements are mentioned increase in 

productivity, efficiency and quality and other requirements, especially concerning the production processes, 

utilization and consumption of products are environmental friendliness and safety. In order to find out all 

possible impacts on the environment it is necessary to provide appropriate evaluation and life cycle analysis 

(LCA) of existing and potential metallurgical products. For information about production and consumption 

impacts on the workers, the consumers, the local communities, the society and other shareholders should be 

LCA extended by suitable social assessment tool and Social Life Cycle Assessment (SLCA) should 

represents appropriate method for balanced assessing environmental and social impacts.  

Goal, scope and Background. Assessment of environmental aspects of metallurgical materials production 

and their impact on environment was discussed by many authors. The purpose of this paper is to highlight 

potential limitations and problems of application of Social Life Cycle Assessment in metallurgy. This paper 

addresses how this method should be used for social impact assessment to meet requirements of 

metallurgical industry. 

Methods. Theoretical basis concerning limits and opportunities of SLCA for improvement of social impacts 

assessment and empowerment of social conditions in metallurgical industry are formulated. Theories, 

conference proceedings, reports and empirical findings from relevant fields of research are used to address 

the validity of theoretical assumptions. 

Results. Theoretical assumptions and requirements for identification and assessment of social impacts with 

SLCA in metallurgy are formulated. Empirical and theoretical findings show ability of SLCA methodology to 
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 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1680 

meet requirements of metallurgical industry in EU competitive environment. The choice and formulation of 

indicators is crucial for beneficial use of SLCA. 

Conclusions. Necessity of further development of SLCA methodology to empower improvement of social 

impact assessment and social conditions in metallurgical industry in relation to creating positive impact of 

SLCA implementation, raised question whether the current stage of development of SLCA offer helpful tool 

for improving social conditions in metallurgical industry under current EU competitive environment. 

2. LCA AND SOCIAL LCA 

Sustainable decision making processes require basic assessment of aspects of business processes. Usually 

implementation of Life Cycle Assessment (LCA) helps managers considering each relevant environmental 

aspect of company’s processes. Social requirements are solved marginally or are not solved at all although 

several different approaches for assessment of social impacts have been developed in recent years. But 

concept of sustainability requires balanced evaluation of economic, environmental and social aspects of 

business activities and Social LCA represent hopeful social assessment tool with close relation to LCA.  

2.1  LCA method 

Life cycle assessment represents a tool ensuring that aspects of sustainability are considered within 

business activities. According to the most common International Standard - ISO 14040: 2006, the LCA study 

starts with the identification of objectives, than the life cycle inventory (LCI) is developed as a sum of the 

material and energy flows. In the life cycle impact assessment phase (LCIA) the product system is examined 

from an environmental perspective. The inventory results are assigned to relevant impact categories, such 

as depletion of abiotic resources, climate change, acidification, etc. [1]. LCA represent time-tested and viable 

concept for systematic analysis serving for estimation of impacts on the environment and human health 

within the whole lifetime from procurement of the starting materials for production till the end of lifetime 

and/or final application.  

Environmental aspect of products and processes presents a feature that influences or is influenced by the 

surrounding environment [2]. To identify environmental aspects, it is essential to recognize whether and to 

what extent the product or process influence the environment and besides the determination of all the 

relevant product and process aspects, it is essential to register current, past, future and potential aspects 

and determine their importance, probability and origin.  

In metallurgy the process of identification of aspects is concentrated primary on Acidification, Eutrophication, 

Greenhouse Gases Emissions and Photochemical Ozone Creation Potential. From these impact categories 

can be specified indispensable aspects of metallurgical industry mentioned by many sources [3, 4, 5, 6]. 

Authors mentioned fossil fuel combustion (CO2, CH4), emissions of SO2, NOx, NH3, CFCs, halons and other 

chlorinated compounds; spillage of chemicals, mostly acids (HCl, H2SO4, H3PO4, HNO3, etc.) and volatile 

organic compounds (VOCs); contamination of land, especially with metals (Hg, Cd, Ni, As, Pb, etc.); 

electricity consumption, extensive use of raw materials and natural resources (ore, coal for heating); waste 

generation from auxiliary processes and other important aspects covering visual, noise, nuisance, waste 

management, product safety, product weight - dematerialization, etc.  

When assessment of environmental aspects in metallurgy based on LCA methodology is successfully time-

tested and implemented for the purposes of sustainability evaluating system seems to be viable approach to 

extend LCA to assess social impacts together with environmental impacts. 
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2.2  SLCA method 

The product or process has a social aspect if it has an impact on interpersonal relationship, social 

stratification, social relations, culture or social structures [7]. In published “Guidelines for social life cycle 

assessment of products” [8], it is stated, that SLCA is a social impact assessment technique that aims to 

assess the social and socio-economic aspects of products and their potential positive and negative impacts 

along their life cycle encompassing extraction and processing of raw materials; manufacturing; distribution; 

use; re-use; maintenance; recycling; and final disposal. SLCA follows the same framework as LCA, but focus 

on social and socio-economic aspects. For this reason several requirements are different between LCA and 

SLCA and one of the most visible difference concern rising involvements of stakeholders’ groups.  

Existing methodology of SLCA is based on an LCA-like framework, but with many parallels to Cost Benefit 

Analysis (CBA) Methodology, Social Impact Assessment (SIA) methodology and others. Similar to LCA 

methodology in SLCA consist of following steps: 

 Goal and scope definition of an SLCA study 

 Inventory analysis 

 Impact assessment 

 Interpretation 

SLCA support two different groups of goals. First group is product, process or company comparison and 

social responsible investments [9, 10]. Second group is identification of product or process improvement 

potential [11]. Scope of an SLCA study defines issues of depth and breadth of the study, defines the limits 

placed on the product’s life-cycle and on the detail of information to be collected and analysed. During 

inventory analysis step must be relevant information collected and the impact assessment step contains the 

classification, characterization, and normalization and valuation of impacts. Interpretation is the process of 

assessing results in order to analyse the results, reach conclusions, explain the limitations of the study, 

provide recommendations and report adequately [8]. 

This paper focuses on social impacts, related with the scope of an SLCA study. The purpose of this paper is 

to outline how SLCA can improve identification and measurement of social impacts under current condition 

of metallurgical industry in EU competitive environment. Because of the limited scope of this paper, it has 

been necessary to solve problems of relevant social impacts of metallurgy and whether indicators or set of 

indicators for social impacts measurement exist.  

Social impacts require use of social indicators; quantitative indicators can be based on measurements in 

physical units, semi-quantitative scores, or yes/no scores; qualitative indicators are referred as descriptive. 

Similar to LCA is possible to use midpoint and endpoint indicators. Endpoint indicators requires complex 

understanding of cause-effect relationship (impact pathway), but the results express final impact or damage 

categories at the level of the ultimate societal concern, midpoint indicators shows impact at an intermediate 

position of the impact pathways. Some of the SCLA approaches use midpoint and some endpoint indicators. 

Which type of indicators to use depends on goals and scope of study, as well as on an effort of management 

to fully understand cause-effect relationship between social impacts and stakeholder’s categories. 

3.  SLCA IN METALLURGY - RESEARCH FINDINGS 

One of the most crucial questions is related with relevant social impacts of metallurgy. Generally social and 

socio-economic impacts may be observed in five main stakeholder categories [8]: 

 workers/employees, 

 local community, 

 society, 

 consumers, 

 value chain participants. 
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Our research focused on relevant social impacts of metallurgy into stakeholder’s categories and 

subcategories. Based on one-to-one interviews, review of journal papers, reports and other relevant sources 

we identify following important social impacts of metallurgical industry. For evaluating of each subcategory 

we use simple scale from 0 to 3 (0 - not important; 1 - less important; 2 - important; 3 - very important). For 

each shareholder subcategory was identified whether any indicator or set of indicators was published. We 

examined an existence of midpoint indicators that they express closer relation to company’s social conduct 

and also are more suitable for decision-making processes. In Table 1, the important stakeholder 

subcategories are presented according to the documented and perceived importance of social impacts for 

metallurgical industry. First column represents the stakeholder groups and the second column identifies the 

impact areas. Third column characterized average importance (rounded) and the last column shows the 

number of recommended midpoint indicators presented in different SLCA approaches [10, 12, 13, 14, 15]. 

Table 1 Important stakeholder subcategories and midpoint level indicators 

Stakeholder 

categories 
Subcategories 

Average 

importance 

Number of 

Indicators 

Workers 

Freedom of Association and Collective Bargaining 2 8 

Fair Salary 2 6 

Psychological working conditions/Working Hours 2 10 

Health and Safety 3 9 

Social Benefits/Social Security 2 6 

Local 

communities 

Safe & healthy living conditions 3 3 

Secure living conditions 2 2 

Community engagement 2 6 

As important are considered social impacts related with workers and local communities. As very important 

were evaluated aspects related with health and safety of workers and safe and healthy living conditions. 

According to statistic data presented in realized surveys [16] rates of injuries in mechanical engineering 

confirmed high risk of injuries especially open wounds of arms. Safe and healthy living conditions for local 

communities are related mostly with environmental impacts of metallurgy (mentioned in Chapter 2.1). During 

mining and processing are directly produced solid, liquid and gas emissions. Potential releases of gas, liquid 

and unwanted solid emissions occur during mineral resource extraction and processing when ores from 

mining are physically adjusted and then chemically transformed to extract metals and produce industrial 

materials [17]. Emissions contains toxic metals especially cadmium, nickel, mercury, arsenic and lead and 

huge amounts of other biologically essential metals (e.g. zinc and copper). Metallurgy processes consumed 

the significant amounts of raw materials, utilities and energy and used reagents, detergents, water and fuel 

represent significant environmental impacts on environment and subsequently on local communities and 

society. Results indicate that processes during life cycle steps: extraction and processing of raw materials 

and manufacturing arouse concern about health, safety and secure living conditions of workers and local 

communities. 

As a positive finding our survey confirm that existing SLCA approaches offer sufficient number of suitable 

indicators for measurement and evaluating of important social impacts presented in Table 1, although for 

Safe & healthy and secure living conditions mostly endpoint indicators were found are recommended. 

Research findings show that many subcategories are characterized as less important or overall unimportant 

for metallurgical industry. In Table 2, the less important or unimportant subcategories are presented.  

Our research show that suggestion of all social impacts of metallurgical industry is very complicated due to 

the wide variety of products, different production conditions and different conduct of the companies. In our 
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view, subcategories presented in Table 2 are important for stakeholders in general, but from the point of 

view of metallurgy there are not any significant social impacts different from other industries. 

Table 2 Less important or unimportant stakeholder subcategories  

Stakeholder 

categories 
Subcategories 

Average 

importance 

Workers 

Child Labour 0 

Forced Labour 0 

Equal opportunities/Discrimination 0 

Local 

communities 

Access to material resource 0 

Access to immaterial resources 0 

Delocalization and Migration 1 

Cultural Heritage 1 

Respect of indigenous rights 0 

Local employment 1 

Consumer 

Health & Safety 1 

Feedback Mechanism 0 

Consumer Privacy 0 

Transparency 0 

End of life responsibility 1 

Society 

Public commitments to sustainability issues 1 

Contribution to economic development 1 

Prevention & mitigation of armed conflicts 0 

Technology development 1 

Corruption 1 

Value chain 

participants 

Fair competition 0 

Promoting social responsibility 1 

Supplier relationships 1 

Respect of intellectual property rights 1 

Surprisingly there are not identified any important impacts related with consumers or society. Metallurgical 

companies improve their position as a supplier and raise contribution to the value for the end customer in 

recent years [18] and improve promoting of social impacts. Final products - steel and metals, are stable, 

reversible products with acceptable impact on environment. Results indicate common agreement that life 

cycle steps: use; re-use; maintenance; recycling; and final disposal for steel and metals are solved with 

“acceptable” social impacts.  

4. CONCLUSIONS 

The paper has given a preliminary study of the present ability of SLCA as a social assessment tool to meet 

requirements of metallurgical industry by presenting most mentioned social impacts of metallurgy. Research 

found important social impacts specific for metallurgy related with workers and local communities and at the 

same time identified sufficient number of indicators for their evaluating offered by existing SLCA approaches. 

For this reason can be SLCA confirmed as a potential suitable tool for social assessment of company’s 

products, processes and activities in metallurgical industry.  

We are still on the beginning of scientific research, many questions about SLCA and social impacts of 

company’s processes must be solved and developed. Perception of social impacts is very variable, 

depending on wide variety of products, different production conditions, location, size and ownership of a 
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company and different conduct of the companies. Measurement of social impacts, use of midpoint and 

endpoint indicators is still in the stage of development. Therefore it is necessary continuously test and 

discuss methodological framework for SLCA to improve company’s social assessment processes. 
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Abstract  

Companies processing and manufacturing metals belong to those which activities have significant impact on 

various issues covered by Corporate Social Responsibility towards several groups of affected stakeholders. 

One of the medium used for communication with the external stakeholders is also web site. Which 

information about companies should be or need not to be offered on web is the result of decision making. 

This is internal the concern of managers resulting from the influence of different forces and interest. Paper 

presents the result of web sites content analysis focused on CSR communication of metal industry 

companies. The major objective of the analysis is to find out which themes within CSR are communicated 

through this medium by the companies in metal industry in the Czech Republic.  

Keywords: CSR, metal industry, web, communication 

1. INTRODUCTION 

Companies as social systems cannot exist without communication. Through the process of communication 

more or less important data, information and messages are transmitted from the point of origin (“source of 

message”) to the receivers - most often with the use of some media. Internet and web pages represent one 

of media category which nowadays in many countries can be ranked among standard tools for 

communication with the surrounding [1].  

Corporate Social Responsibility (CSR) is phenomenon that attained rapidly growing concern together with 

demand for business and organizations to operate in a socially responsible manner [2]. Companies´ 

responsibilities are multi-faceted complex covering diverse areas in the internal and external environment 

towards various recipients of results coming from the responsibility execution. In this paper attention is 

focused just on one of the typical themes, falling under corporate social responsibility issues, specifically the 

environment in the connection to the other CSR themes.  

This paper presents results of research on concrete CSR issues communication on web provided by 

companies from metal industry in the Czech Republic. Environmental legislation (especially in the EU 

member countries) has forced manufacturers in majority of branches within metal industry to develop more 

environmentally friendly production processes and products [3]. Except legislation there are other forces that 

drive or push producers in this industry to be more environmentally oriented and involved in their business 

activities. Among all for instance customers, and their growing demand for greener products, community 

raising the voice for minimising negative impact of enterprises on the nature, governments showing 

proactive, and under the pressure of some interest groups also reactive behaviour towards policies 

concerning environmental sustainability.  

Business processes comprehend many activities more or less related to value creation as the essence of 

existence of every company. These value-added activities are performed typically in forward direction from 

purchasing the inputs, producing the product and distribute it to the market together with some other so 

called primary activities, e.g. warehousing, transport etc. Nevertheless, still bigger part of activities has 

backward or reverse direction of flow. Despite the existence of many reasons why companies must or want 

mailto:klapalov@econ.muni.cz
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to participate in these flows, concern for environment sustainability and for responsible environmental 

behaviour in doing business regards also this area of management. 

As introduced above, the attention in this paper is focused primary on one area of CSR issues, namely 

environment in the context of reverse logistics or/and returns management. Reverse logistics (we prefer to 

use this term in the text) does not belong to the concepts that are of frequent use in business vocabulary. 

More often concepts that express or describe partial activity within reverse logistics are used and these 

terms are also communicated widely. Reverse logistics is the field which is still underexplored in the Czech 

Republic [4] although companies more or less intensively deal with many reverse logistics activities. 

Communication on web can enrich knowledge about reverse logistics management of companies in the 

context of their Corporate Social Responsibility. 

The research has exploratory and descriptive character - according to our knowledge this is the first 

investigation of CSR communication using the web in the Czech metal industry and one of very few existing 

surveys worldwide related to web communication of reverse logistics practices from the point of view of 

social environmental responsibility. The basic purpose of research was to find out which CSR issues 

narrowed to primary environmental responsibility connected to reverse logistics management do companies 

from metal industry communicate on their web pages and how companies use the web for this theme. 

Exploratory character of research is linked to limited number of analysed companies.  

2. THEORETICAL BACKGROUND 

2.1. CSR and reverse logistics 

Although responsibility of business and social concern in academic discussion began in the first half of 20th 

century [5], growing interest in the responsibilities of companies toward society among academics 

influencing later also the increasing recognition of companies themselves, organizations and governments, 

originated in 1953 when economist Bowen published his work “Social Responsibilities of the Businessman”. 

Among all Bowen stated that the primary obligation (or responsibility) of companies is to ‘‘pursue those 

policies, to make those decisions, or to follow those lines of action that are desirable in terms of the 

objectives and values of our society’’ [6, p. 6]. In 1980s emerging stakeholder theory helped to structure 

rather broad and vague concept of society into relevant parts that enables to personalize or to join 

responsibilities with some specific interest groups or stakeholders [7]. Freeman described them as ‘‘those 

groups who can affect and/or are affected by the achievement of an organization’s purpose’’ [8, p.49]. In 

1995 Clarkson [9] developed the definition and described stakeholders as “persons or groups that have, or 

claim, ownership, rights, or interest in a corporation and its activities, past, present, or future” (p. 106) and 

broadened the meaning of stakeholders for CSR practice for more clear and precise targeting of different 

responsibility utilizing more concrete goals, vocabulary, shared values, methods etc., that enable planning 

and measurement as well. 

According to Signitzer and Prexel [10] CSR is “an umbrella term” for various concepts reflecting the role of 

business in society. Several terms might be labelled as synonyms for CSR (as perceived by practice), e.g. 

corporate or business governance, corporate citizenship, corporate accountability, business ethics, 

sustainability or sustainable development, corporate environmental management, business and society, 

stakeholder management, corporate philanthropy, triple-bottom line, community development or social 

performance [11] . As can be seen, some of them are very narrow, the others are very broad and even going 

beyond the scope of CSR and most of them are overlapping. Particularly two concepts - environment and 

sustainable development - could be understood both as different and common terms. Álvarez-Gil et al [12] 

bring short explanation of the evolution and conceptualisation of the problem. Sustainability was in the past 

linked to environmental issues related to the nature and as late as in 1987 World Commission on 

Environment and Development promoted it (as sustainable development) as “to mean the economic, social, 
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and environmental issues to take into account to foster permanent development in the world“ [13, p. 264]. 

Environment in its broadest meaning includes everything in the neighbourhood, surrounding of individuals, 

organizations, groups. For the explanation of meaning of this term in its narrower interpretation we can apply 

definition of ISO 14001:2004 “surroundings in which an organization operates, including air, water, land, 

natural resources, flora, fauna, humans, and their interrelation“ where the environmental aspects are 

“element of an organization’s activities or products or services that can interact with the environment “ and 

environmental impact is “any change to the environment, whether adverse or beneficial, wholly or partially 

resulting from an organization’s environmental aspects“. [14]. 

To understand what all responsibilities company can have towards society, we can adhere to the above 

mentioned determination of three basic pillars of CSR: economic, social and environmental [13]. This is in 

line with the so called Triple Bottom Line approach introduced in 1997 by Elkington. Tripple Bottom Line 

emphasizes mutual interconnection and dependence of these pillars [5]. 

The interest among academics about CSR issues in the frame of reverse logistics is rather rare. Most 

concern is dedicated to environmental impact of reverse logistics, just few cases deal also with the other 

pillars (for instance [15] and [5]). Even in instance of reverse logistics practice´ linkage with the 

environmental responsibility, the approaches are concentrated on individual cases or specific topics or 

activities of reverse logistics and less attention is put on direct relation between these two themes. This is 

quite surprising situation opening variety of possibilities for research. Another surprise is the fact that there 

are many existing common points of intersection between CSR and reverse logistics. As for instance de Brito 

and Dekker summarize [16], the drivers or motives are very similar, namely economic, corporate citizenship 

and legal. By the way, although older work stressed that CSR involvement is voluntary for companies, this 

seems to be not true anymore. Much of responsibility has its legal grounding as already in 1991 Carroll 

underlines in his Pyramid of CSR with legal responsibility being the second after the economic one [7]. De 

Brito and Dekker proposed another pyramid for various reverse activities which represents options of 

recapturing or recovery of potential value within given activities. Resale of content of reverse flows harms 

environment at minimum and brings the highest economic benefits to several stakeholders, the other 

activities up the pyramid (re-use and re - distribution, repair, refurbishing, remanufacturing, parts retrieval 

and recycling) still offer potential benefits to stakeholders, while the last two activities - incineration and 

landfilling have usually negative impact [16].  

Companies in metal industry can be labelled as ideal subjects for reverse logistics, especially for reuse, 

recycling and remanufacturing issues and for the utilisation of waste. According to the information of World 

steel Association, steel producers can serve as the support for this claim - steel belongs to the most recycled 

materials in general, about 95 % of by-products are reused and focus on several issues within reverse flows 

in the context of Sustainable development policy of members of this Association (increase in resource 

efficiency through the product life cycle comprehending resource reduction and eco-design of products and 

production processes) underline this approach [17]. 

2.2. CSR and communication on the web 

The reason for CSR communication of companies is obvious. Both sides of communication can have some 

benefits - most or some at least of stakeholders expect, want or even enforce to be informed about what and 

how companies do to be responsible. Companies expect positive image, enhancing reputation, and 

relationships development with stakeholders and their identification with company, loyalty, increase of the 

legitimacy of activities in the mind of stakeholders and even financial benefits (more sales, investments, and 

profit), improvement in competitiveness in the long term [18].  

Disclosure of the information concerning CSR on the company´s web pages has many advantages, for 

instance very low costs (if any), much space, speed of publishing possibility, interactivity and possibility to let 

inform anybody who could be interested in “in one package”.  
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Communication is the result of some actions and activities and about some actions and activities (in the past, 

in the present and in the future). These are “performance cues” showing corporate values and they help to 

identify CSR principles, processes and outcomes of behaviour together with policies and programs aiming at 

CSR, as well as the level of involvement and commitment to CSR and motives and preference of 

stakeholders (or perception of their power, legitimacy and urgency by managers) [19], [20]. Communication 

using this media should correspond with the values of managers and its content should be approved by 

managers. It could serve as the mirror of their approaches, priorities, policies, orientation and to some extent 

also of strategies and practices that are evaluated as proper for disclosure [18], [21]. Absence of these 

“performance cues” does not necessarily indicate the absence of involvement in CSR (or any other activity) 

[22].  

Communication of CSR involvement, though concerning one specific area, should reflect different and 

sometimes even conflicting expectations of diverse stakeholders groups and even individuals in these 

groups. On the company web page this requirement can be difficult to fulfil - web page communication must 

cope with the problem of reaching the right receivers with right message right time and at right place. This 

means to make the right decision about design of web page, content, amount of time and effort to find right 

information (the question of hierarchy and organisation of the content and accessibility of information), about 

the level of interactivity (internet is the most interactive medium that enables immediate response to 

individual subject).  

3. METHODOLOGY 

Content analysis (combination of qualitative and quantitative) of web pages was used as the method to get 

results for our research objective. Since the analysis had exploratory character with the aim to gain an initial 

insight into the issue, only limited number of companies was investigated. We used the list of companies that 

are members of Association of ferrous foundries of the Czech Republic with 56 members in total. The 

members are companies which are active also in other metal branches and not just foundry what means that 

the analysis can enable some lower level of generalization through whole industry.  

First the categories of content (reverse logistics practices) were determined based on literature research on 

reverse logistics processes and activities and category “CSR” which comprehends all possible subcategories 

that might be found in the text. After variables: ownership and level of hierarchy (1 - visible access to 

searched categories on the first web page, 2 - necessity to click more than once to get to the other page with 

the information) were added. Category of programs and policies was opened to potential existence of EMS 

(environmental management system like ISO 14001), official policy toward environment sustainability 

support etc. Finally linkage of environmental responsibility to other CSR issues and introduction of 

objectives, performance measures or any kind of perceived benefits from environmental responsibility and 

reverse logistics processes was evaluated. We omitted social responsibility in this paper except some 

remarks. 

4. FINDINGS 

From 56 members presented on the list of the Association only 52 have functioning web page but three 

companies are subsidiaries of other members and we excluded them from the analysis. The rest four 

companies were not accessible. 39 companies are owned by Czech owners, ownership of two companies 

was not possible to discover, several companies are owned by German parent corporations, one by Slovak 

owners. 

26 companies do not communicate on their web page anything what would concern either Corporate Social 

Responsibility as such or at least some features or trace of responsibility to the environment at least. No 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1689 

information could be joined to any reverse logistics practices. Their web pages perform just basic information 

about the existence of company and products or some history, references and contact information.  

Five companies published certificate about ISO 14001 policy but without any text except one example of the 

internet interactivity application - visitors on one company who would like to know more about environmental 

policy and practice could write an e-mail to the concrete employee of the company. We can just hypothesise 

that this environmental management system (EMS) certification relates with some responsibility to 

environment sustainability though on just the bottom legislative level. Four companies present ISO 14001 

certificate and document that contains policy about EMS (again very vague).  

Three companies do not have any EMS certification and claim vague environmental policy using one or two 

sentences. One of them mentions also sponsoring as separate activity of CSR. One company does not 

publish anything about any of searched issues except the news about the involvement into the program of 

ecological disposal of waste - Green business - and one company promotes the involvement in the EU 

education project concerning the knowledge and skills in waste management. 

One company introduces rich proclamation about CSR but in their perception CSR is about social issues 

only. One small piece of information about environment and waste reuse and recycling could be found after 

browsing some time in their annual report from the 2009. This company belongs to the big companies in the 

sample. 

Only three companies link their CSR activities toward society with the environmental issues (and economic 

as well). They belong to the small group of companies, which develop environmental sustainability in several 

areas together with more forms of reverse logistics activities and two of them introduce also measurable 

variables for the past and future within this linkage. Virtual five members of these groups are those 

companies that separate environment from other responsibilities but quality of their disclosure of commitment 

is relatively high.  

And only one company develops special report about environmental responsibility (comprehending also 

several reverse logistics tasks). 

When focusing on just reverse logistics, waste disposal and reduction is the most frequent term (relatively) 

followed by recycling of own waste, reuse and sorting. Only two companies inform that they deal with the 

sale of waste as the inputs for production of their customers and with the recyclability of new products in their 

production. 

5. DISSCUSSION AND CONCLUSIONS 

The analysis indicates that CSR communication on the web of companies in metal industry in the Czech 

Republic cannot be characterized as the excellent one. The question is if the reality is different from the 

communication level. Matter of interest would be beside all, for instance the reasons of status quo and/or 

potential barriers. Another point is the forces of stakeholders and their approach and concern for the 

responsibilities and activities. Many companies export most of their production to their customer from 

developed countries and these customers can share some values related to CSR with them. 

Despite exploratory character of research no special differences were detected in the case of size of 

companies (this variable is often related to the e-business lower involvement) but on the contrary there 

probably is some relation with the country of owners - subsidiaries of foreign corporations perform better. 
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Abstract  

The research questionnaire was conducted in a company, which produces products for the construction - 

wire, nails. Respondents were asked to rank the factors that describe Toyota’s management principles 

resulting from the BOST questionnaire. From the analysis of factors set it results that issue of technology is 

content of Principle 1 (technology development), Principle 2 (technology reliability) and Principle 14 

(technology portfolio). So, technology is an issue which occurs at the strategic and operational level. It also 

contributes to the improvement and development. The results show a high position of factor concerning 

technology in obtained importance series for any of the analysed Toyota’s principles. The influence of the 

respondents characteristics (gender, education, age, work experience, mobility, mode of employment) on the 

evaluations structure was presented. 

Keywords: Technology, wire, nails, BOST questionnaire, Toyota’s management principles 

1. INTRODUCTION 

Technology as a method [7] for the preparation and process of manufacture or processing of raw materials, 

semi-finished products and products respectively used in the production is the main factor that affects the 

competitive position of the company. For these reasons, the operation of every business to improve health 

and technology are an important part of the overall strategy of the company. The most important projects in 

this area include acquiring the necessary technology from the outside by purchases of machinery and 

technological equipment, purchases of licenses for products and related technologies, procurement, 

development and purchase of specialized manufacturers, needed technology (science and research and 

development, design, universities and others.), to develop on our own new technology needed, or together 

with other units. 

2. THE CHARACTERISTICS OF THE FOCUS OF THE STUDY 

The focus of the study is on the company that operates in steel sector, with its headquarters in Łódź 

Voivodeship. The company manufactures wire and wire products. The facilities has been extended for forty 

years and increased its range of products while building new departments e.g. acid processing department, 

wire department and nail department. A barbed wire department and construction department were also 

created. The main mission of the plant is to manufacture high-quality nails and wire products according to 

current Polish standards and international standards, which help the enterprise, attract regular customers. 

High-scale manufacturing is ensured by extension and modernization of production halls. The facilities have 

been also equipped in modern machines and equipment manufactured by the renowned international 

companies. 

The basic product manufactured by the plant is wire. There are several groups of wire. These include: bare 

wire, galvanized wire, copper-coated wire, welding wire, PVC-coated wire and wire for mechanical 

hammering. Each of the group listed is divided into the groups with higher level of detail, depending on the 

mailto:bork@zim.pcz.pl
mailto:asros@op.pl
mailto:klimt@wip.pcz.pl
mailto:m.jagusiak-kocik@o2.pl
mailto:sygut@zim.pcz.pl
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wire dimensions and the type of the material used. The plant also offers oval, square, square-and-twisted 

and ribbed wire. Each wire must meet particular strength recommendations according to the current national 

and international standards, i.e. PN, DIN, BS, ASTM, FF. The packaging methods are also specified. The 

product can be wound into reels or circles. Another product manufactured by the plant is nails. The 

metallurgy department offers a wide range of nails. Nails are manufactured according to particular standards, 

which define the diameter within the range from 0.8 mm to 9.5 mm and length from 10 mm to 300 mm. It is 

also required that they meet the following standards: PN, DIN, BS, ASTM and FF. The nails are packed into 

boxes. They vary in their weight. The division into 0.5 kg, 1 kg, 2.5 kg, 5 kg, 10 kg, 20 kg, 25 kg is used in 

the enterprise. The packaged product is stored in a dry place and far from the corrosion-generating 

materials. 

3. RESEARCH METHODOLOGY 

BOST questionnaire [1,2,3] was created by Prof. Stanisław Borkowski, director in the Institute for Production 

Engineering in the Faculty of Management in the Częstochowa University of Technology and is based on the 

principles of Toyota manufacturing system [4]. It can be used both in the production and service-providing 

companies. The questionnaire is dedicated to both managers and employees and the questions correspond 

to the Toyota's principles and the Toyota house roof. The BOST questionnaire also contains the evaluation 

of the managers according to the Toyota's principles and the respondent's profile and specification of the 

enterprise's/institution's activities. 

The BOST questionnaire is comprised of 12 sets of factors. The version for the employees contains a set of 

factors which determine the elements of the Toyota house roof and the principles 1, 2, 3, 4, 6, 7 and 14, 

whereas the version for the employers includes a set of factors that describe all the principles of 

management in Toyota and the elements of the Toyota house roof. The questionnaire contains a ranking of 

importance and the respondents evaluate the importance of each factor on a particular scale. 

The BOST questionnaire was carried out in the company studied among the employees. The detailed 

analysis concerned 3 sets of factors. The first of them was denoted as the area E2, relates to the principle  

1 of Toyota's management ("Base your management decisions on a long-term philosophy, even at the 

expense of short-term financial goals") and the respondent evaluated, on a scale of 1 to 7, which of the 

factors (customer's good - DK, independence and responsibility of employees - SP, innovativeness of 

product - IP, technology development - RT, cooperation with partners -WK, care for the enterprise's culture - 

PR, trust in relationships with employees - ZP) they regarded as decisive in the concept of development in 

the enterprise studied. 

The next set of factors (area E3) was connected with the principle 2 of Toyota management ("Create  

a continuous process flow to bring problems to the surface") and concerns the factors which, according to 

the respondents, are the most important to the production process. The employees chose from the following 

factors: continuous system of detecting problems - CP, stopping production after detection of the quality 

problem - PE, standard tasks, processes and documents -SZ, delegating authority - EU, using only reliable 

technologies - ST, using visual control - SW (on a scale of 1 to 6). 

The last set of factors (area E8) which was analysed in detail was a set of factors which related to the 

Toyota's principle 14 ("Become a learning organization through relentless reflection (hansei) and continuous 

improvement (Кaizen).") and it included such factors as: the employment of workers - ZT, relations between 

employees and bosses - RE, motivation system - SM, documentation - DA, technology portfolio - PT, 

information flow - PN, quality - JK, cooperation with customers - WS, maintenance - UM, cooperation with 

suppliers and partners - WD. The employees in the enterprise studied focused on the above factors and 

responded using a scale of 1 to 10 to the question: Which area will produce best effects after its 

improvement? 
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An important element in BOST questionnaire is characterization of the respondents, denoted as area E12.  

Six personal data were recorded in the questionnaire (gender - MK, education level -WK, age - WI, working 

experience - SC, mobility - MR, type of employment - TR) in order to determine the structure of human 

resources in the organizations studied. 

4. ANALYSIS OF THE RESULTS 

Table 1 presents the respondents in the company studied (area E12 in the BOST questionnaire), which 

manufactures wire and nails, divided into: 

 gender (MK) - 1 - Man, 2 - Woman, 

 education level (WE) - 1 - primary, 2 - vocational, 3 - secondary, 4 - higher, 

 age (WI) - 1 - to 30 years, 2 - 30 to 40 years, 3 - 40 to 50 years, 4 - 50 to 55 years, 5 - 55 to 60 years,  

6 - 60 to 65 years, 7 - more than 65 years, 

 working experience (SC) - 1 - to 5 years, 2 - 5 to 10 years, 3 - 10 to 15 years, 4 - 15 to 20 years, 5 - 20 

to 25 years, 6 - 25 to 30 years, 7 - 30 ÷ 35 years, 8 - 35 ÷ 40 years, 

 mobility (MZ) - current employment is: 1 - the first, 2 - second, 3 - third, 4 - fourth, 5 - fifth, 6 - further 

place of work, 

 type of employment (TR) - 1 - in the standard mode, 2 - on the basis of the transfer, 3 - due to better 

financial conditions. 

Table 1 Features of respondents. Number characteristic. It concerns company that operates in steel sector. 

Symbol 
Features' marking and their numerical characteristic 

MK WE WI SC MR TR 

1 21 6 6 9 14 14 

2 9 14 10 8 10 12 

3 

 

8 8 4 2 4 

4 

 

2 0 4 1 

 5 

  

1 0 3 

 6 

  

2 0 0 

 7 

  

3 2 
 

 8 

  
 

3 
 

 

As results from Table 1 (column MK - gender), the men dominate the company studied. They represent 70 

% of the respondents (21 people). The most of the employees among the respondents are those with 

vocational education (14 people), which is 47 % of the respondents and those with secondary education (8 

people). Considering the age (WI) of the employees, the respondents are mostly those at the age under 50 

years (24 people), of whom the biggest group are employees aged from 30 to 40 (10 people). Working 

experience (SC) of the respondents was from 5 to 15 years and for as many as 24 employees this was the 

first or the second job (MR) in their careers. The most of the employees studied were given employment in 

the standard mode (14 people) or they were transferred (12 people). 

The common element that connected the 3 areas listed was the problem of technology. It is the element of 

the set of factors in the area E2 (technology development - RT), area E3 (using reliable technologies only - 

ST) and a set of factors from area E8 (technology portfolio - PT).  

Fig. 1 presents histograms with the structure of importance of the factors in the area E2. 
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Fig. 1 Principle 1. Histograms - evaluation structure of the factors’ 

importance for E2 area: a) DK, b) IP, c) WK, d) ZP, e) SP, f) RT, 

g) PR. It concerns company that operates in steel sector 

  

Fig. 1 shows that the factor which was evaluated as the highest in importance is the factor concerning the 

development of technology (RT). This factor was evaluated by 50 % of the respondents with the scores 6 

and 7, of which 30 % are scores 7. The factor of the customer's good (DK) was also evaluated very high 

since it was given 36.7 % of the scores 6 and 7. The factors of the area E2 which were given the lowest 

scores included the care for the enterprise's culture (PR). 60 % of the respondents assigned the score 1 to 

this factor.  

Fig. 2 presents pie charts with the structure of evaluation of the importance of the factors in the area E3 [6]. 

   

   

Fig. 2 Principle 2. Pie charts - evaluation structure of the factors’ importance for E3 area: a) CP, b) PE,  

c) SZ, d) EU, e) ST, f) SW. It concerns company that operates in steel sector 
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As results from the charts presented in Fig. 2 the factor which was evaluated the highest in the set of factors 

in the area E3 was the factor concerning using reliable technologies only (ST). To 46.7 % of the 

respondents, this factor is very important and the most important (scores 6 and 7) in the manufacturing 

process. The factor of stopping production after detection of a quality problem (PE), connected with Jidoka 

concept, was also evaluated very high. 43.4 % of the respondents gave this factor the scores 5 and 6. The 

respondents regarded the factor connected with delegating authority (EU) as the least important factor to the 

manufacturing process - over 50 % of the respondents evaluated it as 1. 

The places recorded for the last of the analysed areas (E8) [5] in the ranking of importance in the company 

studied are presented in Table 2. 

Table 2 Principle 14. The places of factor in E8 area in the importance series for individual evaluations. It 

concerns company that operates in steel sector 

Evaluation 
The factor's place in the importance series 

1 2 3 4 5 6 7 8 9 10 

1 DA RE WD ZT PN UM WS PT JK SM 

2 PN WD DA PT RE WS SM ZT JK UM 

3 WS PN DA WD RE ZT JK PT SM UM 

4 RE WS DA SM UM ZT PN PT WD JK 

5 SM WD WS DA PT RE JK UM PN ZT 

6 UM PT PN RE SM DA JK WD ZT WS 

7 ZT JK SM PT UM WS PN WD DA RE 

8 JK ZT PT SM UM DA RE WD WS PN 

9 PT UM JK SM RE PN WS ZT DA WD 

10 UM SM JK RE DA WD PT WS PN ZT 

The data in Table 2 show that the factor of maintenance of machines (UM) was on the first place in the 

ranking of importance for the score 10, on the second for the score 9; The factor of the quality (JK): on the 

first place in the ranking of importance for the score 8, the second for the score 7 and the third place for the 

scores 9 and 10. This means that this factor was evaluated very high and it might generate the biggest 

effects after its improvement. The factor of technology portfolio (PT) was also evaluated very high. Table 2 

shows that this factor took the first place in the ranking of importance for the score 9 and the third for the 

score 8, which demonstrates that it is a very important area which might result in biggest effects after its 

improvement. The factors which were evaluated by the respondents as those which might the smallest 

effects after their improvement are the factors connected with documentation (DA) - first place in the ranking 

of importance for the score 1 and the third place in the ranking of importance for the scores 2, 3 and 4; factor 

of the information flow (PN) - the first place in the ranking of the importance for the score 2 and the second 

place in the ranking for the score 3; and the factor of cooperation with suppliers and partners (WD) - 3rd 

place in the ranking for the score 1 and the second place for the score 2. 

5. CONCLUSION 

The most of the respondents who filled in the BOST questionnaire in the enterprise studied were men with 

vocational and secondary education level, aged below 50, with working experience from 5 to 15 years, 

employed in normal mode or transferred, for whom the enterprise is the first or the second job in their 

careers. While answering to the questions contained in the BOST questionnaire, they pointed to the problem 

of technology as a very important issue, both in terms of development/reliability of technology and the area 

that is likely to produce the highest effects after its improvement. In the areas E2 and E3 it was technology 

which was given the most of the high scores (being assigned also the lower scores), whereas in the area E8 
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it was similarly high evaluated as the factor connected with maintenance of the machines (UM) and quality 

(JK). Figs.  3a, 3b and 3c, presented in the form of a radar chart, pie chart and histogram show the mean 

(numerical) data for evaluation of the importance of the factors analysed in the areas E2, E3 and E8. 

  

 

Fig. 3 Averages (numerical) of importance evaluation for factors in: a) E2, b) E3, c) E8 area.  

It concerns company that operates in steel sector 

The Figs. confirm high evaluation of the factors connected with technology. These factors (technology 

development - RT, and using reliable technologies only - ST) took the second place (in the areas E2 and E3) 

as a result of the analysis of the mean values of evaluation of the importance. In the case of the area E8, the 

factor of technology portfolio (PT) was also evaluated very high, with the mean score of 6.5.  

The analysis of the selected questions in the BOST questionnaire reveals that the employees in the 

company that manufactures steel products view the problem of technology as very important. They consider 

development of technology as an opportunity. The process of development of technology might considerably 

determine the concept of the development in the enterprise studied. Using reliable technologies only is for 

the respondents a very important factor to the manufacturing process and a suitable technology portfolio 

might produce great effects after its improvement. 
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ASPECTS OF FERROUS METALLURGY DEVELOPMENT IN KAZAKHSTAN 

AT THE EXAMPLE OF ARCELORMITTAL TEMIRTAU JSC 

Victoria LEZHNEVA, Sergey LEZHNEV 

Karaganda State Industrial University, Temirtau, Republic of Kazakhstan, kgiu@mail.ru 

Abstract 

Metallurgical industry of Kazakhstan is the large sector of domestic economy. Basic mining and metallurgical 

companies of Kazakhstan, first of all Euroasian industrial association, ArcelorMittal Temirtau JSC, 

Kazakhmys Corporation JSC, Kazzink JSC, represent uniform production & economic complex incorporating 

plants of mining, enrichment and metallurgical processing, as well as power and the heat producing 

enterprises, well developed infrastructure, providing the financial, marketing, selling, external economic and 

scientific research works. 

Keywords: metallurgical industry, domestic economy, infrastructure, mining and metallurgical companies 

1. INTRODUCTION 

Stabilization and growth of production volume in the branch confirm the proof of government actions for the 

transfer of this branch to market system and transfer of property to the private management including 

investments and management. Thus, large exclusive companies under foreign management for which there 

is no alternative, were created in the country. Generally they are legislators in the carrying out of innovative 

and external economic policy in the branch. So, one of leading companies at the steelmaking market, not 

only in Kazakhstan, but also in the world, is ArcelorMittal Temirtau joint-stock company. This company has 

big advantage for the foreign steelmaking companies that are the availability of captive mineral raw material 

base and quite cheap electric power, as well as availability of qualified technical staff. 

But in conditions of China coming to the 

global market of steel products and 

metallurgical technologies and 

equipment puts in front of ArcelorMittal 

Temirtau JSC the task of innovative 

activity strengthening and construction 

of last generation plants with the use of 

latest technological improvements. Only 

in this case ArcelorMittal Temirtau JSC 

will be able to hold its positions at the 

steelmaking market and to become 

more competitive enterprise at the world 

steel market in the future. And the 

company understands it. 

Fig. 1 Steel consumption dynamics in Kazakhstan 

mailto:kgiu@mail.ru
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2. MAIN TEXT 

2.1 Methodological bases 

So over the last 10 years (from 2003 till 2012) product mix at ArcelorMittal Temirtau JSC was considerably 

extended. Production of rolled and sheet product with galvanized and polymeric coating of thin product mix 

and long product is introduced, production of hot-rolled, cold rolled product and coated rolled product as per 

dozens of foreign standards (ASTM, JIS, EN/DIN, GB, etc.), as well as by-products of metallurgical 

production is mastered. Granulated slag and rubble are made of blast furnace slag for using in construction 

of highways, cement, construction concrete and mineral wool. But at the same time the dynamics of steel 

products import to the Republic of Kazakhstan demonstrates available distortions between the product mix at 

ArcelorMittal Temirtau JSC and steel production, necessary for internal consumption (see Fig. 1). 

With the increase of high-quality flat plates 

(slabs) and thin sheets, at the expense of 

Continuous casting machines and new flat 

coated product manufacturing shops start-

up by ArcelorMittal Temirtau JSC, amount 

of ferrous metals import as per this product 

mix already decreased in pre-crisis years 

(see Fig. 2). The significant import share of 

expensive types of steel products in 

Kazakhstan is the share generally taken by 

long products (large section profiles, 

seamless pipes, rails, stainless rolled 

product) made of the high-carbonaceous 

and high-alloyed grades of steel. 

2.2 Results and discussion 

Commissioned bar rolling mill at ArcelorMittal Temirtau JSC and mastering of the production technology for 

such products as rebar, angle and round is still not able to remove import production completely from the 

market of Kazakhstan. 

Thus we would like to point out that at the expense of the State program of the forced industrial and 

innovative development realization in Kazakhstan the demand of rolled steel products will only grow year by 

year, at least during next 10 years. So in the nearest future the railway transport of the Republic can become 

the main consumer of rolled steel products in Kazakhstan. After all, the construction of new highways with a 

total length of over 3 thousand km, continuous repair and replacement of railway lines at existing highways, 

commissioning of car-building plants is the most metal-consuming domestic market after the construction 

industry. 

The important partner of ferrous metallurgy is now the oil and gas industry and municipal services which are 

the biggest consumers of oil/gas and water pipes of big and medium diameters during the construction of 

pipelines, and with their startup - for repair and replacement of corroded pipes. Except for pipes oil and gas 

complex and municipal services need various shutoff cast valves (valves, gate taps and so on) not produced 

in the Republic. The total demand of pipes during separate periods can exceed 500 kt/year. 

ArcelorMittal Temirtau JSC is capable to melt steel grades containing niobium, vanadium for pipes of big 

diameter for oil and gas appointment with the ultralow content of sulfur at the mastering of desulfurization 

and dephosphorization technology of hot iron. In conditions of billet casting machine startup for Bar mill and 

rail and structural mill with a thermo-tempering section (its purchase is provided in long-term plans of plant 

development) ArcelorMittal Temirtau JSC is also capable to organize at its base rail and large section rolling 
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production. Thus the increase in outputs of steel and modernization of the plant for production of high value 

added products will be the least cost-consuming one only on condition of the modern equipment 

involvement. 

The important part in the solution of these matters ArcelorMittal Temirtau JSC is assigned to carrying out the 

large-scale works by the research center available at the plant together with scientists of the Karaganda 

State Industrial University in such directions, as development of deep denitration technologies, de-

carbonizing by means of VOD and combined purge by argon, desulfurization, dephosphorization, modifying, 

controlled rolling. 

CONCLUSION 

If we carry out the assessment of further development of mining and metallurgical industry branch in 

Kazakhstan as a whole, the most perspective directions of this branch development in the next decades will 

be as follows: 

 increase of complex processing of raw materials with getting of new types of export products, at the 

expense of introduction and development of new innovative technologies and development of 

scientific and technical development; 

 involvement of new deposits, off-balance ores and technogenic mineral formations in the process that 

will expand a raw materials base and will increase the production at the expense of introduction of 

new technologies and increase of research works level; 

 creation of plants for increase of final streams number directed on production of steel products and 

products made of them for needs of domestic market with the subsequent orientation to foreign 

markets; 

 introduction of effective innovative technologies for the organization of production on deep and 

complex processing of the sub-standard raw materials, allowing to receive products having high 

consumer cost; 

 preservation of metal fund of the state by means of absolute prohibition of scrap export; 

 satisfaction of internal demand with the development of metal-consuming industry branches in 

Kazakhstan. 

Realization of abovementioned directions of mining and metallurgical industry branch development in 

Kazakhstan will allow the saving of the leading position of the metallurgical industry in the economy of 

Kazakhstan within centuries. 

LITERATURE 

[1] "Statistical Yearbook of Kazakhstan. Statistical compilation" Sultanova B.T. / Agency for Statistics of Republic of 

Kazakhstan. - Almaty, 2012. 

[2] Reported data of JSC "BTA" for 2003-2012. 
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Abstract  

Process capability analyses, which characterize the ability of processes to produce products meeting the 

quality criteria, are now a standard part of products and processes quality planning and improvement. 

Automotive industry considerably contributes to their wide application, because its suppliers must 

demonstrate the capability of their processes. Standard process capability analysis procedure applies a 

number of assumptions. One of them is the assumption of normal distribution of given quality characteristic 

that may not be met in real conditions. The article deals with possible causes of not meeting this assumption 

and it highlights the fact that in many cases it may not be related to the nature of the quality characteristic 

distribution. For situations where non-normality is the natural behaviour of the product quality characteristic, 

various approaches that make it possible to evaluate the process capability are analysed. In a concrete 

example, the results of the application of selected approaches are compared and discussed.  

Keywords: process capability, product quality characteristic, non-normal distribution  

1. INTRODUCTION 

The capability of the used production processes has significant influence on the quality of manufactured 

products. The capability of processes can be characterized as the ability of the processes to provide 

products meeting the required quality criteria in the long term. In many industrial enterprises, including those 

from metallurgical industry, the analyses of the process capability is becoming common or even a necessity 

in many industrial companies, including the companies from metallurgical industry. A significant contribution 

to this fact comes from the automotive industry, where process capability analyses are required. 

Unfortunately, in some cases, it is a superficial or purposeful study, which is performed only on the basis of 

customer´s requirement and the managers do not understand the essence and the context of the necessary 

prerequisites for achieving objective results. However, the analysis of the process capability can´t be 

downgraded only to collecting data and putting them into formulas used for the calculation of the capability 

indices. It is very important to realize that all the necessary steps of the analysis must be made in correct 

sequence [1, 2] which, among other things, includes the verification of the fundamental presumptions. The 

verification of normality of the monitored characteristic is one of the most important presumption for the 

utilization of standard formulas used for the calculation of the capability indices. 

In real practice, however, there are many measurable characteristics, whose natural distribution is not 

normal. They include taper ration, flatness, roughness, concentricity, eccentricity, perpendicularity, 

roundness, angularity, weld strength, tensile strength, hardness of castings, hole location or parallelism. It is 

essential to find suitable procedures of process capability analysis deciding about the values of these 

characteristics even in such cases. This article deals with the issue of normality non-compliance of the 

monitored characteristic, and it presents the possible solutions of this non-standard situation. 

mailto:jiri.plura@vsb.cz
mailto:klaput@vsb.cz
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2. THE POSSIBILITIES OF PROCESS CAPABILITY ANALYSIS IN THE CASE OF NON-

COMPLIANCE OF DATA NORMALITY  

The situation, where the distribution of the monitored feature of quality does not correspond with normal 

distribution can in principle be addressed in the following ways: 

1. transformation of data to a variable coming from normal distribution 

2. use of different theoretical model of distribution 

3. use of indicators that are not based on a concrete model of distribution. 

Before using one of the possible procedures solving the problem of non- normality, it is, however, desirable 

to pay attention to its causes. The cause of non- normality may be the occurrence of outliers resulting from 

gross measurement errors, but often, it is the inhomogeneity of data caused by step changes of conditions 

during the data collection. In such cases, it is necessary to eliminate the effect of the relevant causes by 

suitably sorting the data or by collecting new data. 

2.1 Transformation of data to normally distributed variable  

In the case of data transformation, the original data, which do not correspond to normal distribution, use 

suitable transformation function to be transformed into data, whose distribution is most closely approximating 

normal distribution. The next step will verify the normality of the transformed data using suitable numerical 

tests. If the normality of data is confirmed it is followed by the transformation of tolerance limits using the 

identified transformation function, and the process capability analysis can be carried out in accordance with 

the procedure for normal distribution [3]. 

Power transformation of data  

Power transformation of data is a frequently used kind of transformation, mainly due to its simplicity. The aim 

is to transform the data of the examined selection using suitably chosen powers so as to stabilize the 

variance, minimize the skewness and so as to have the shape of the distribution as close as possible to 

normal distribution. Power transformation is carried out according to relations: 

          (1) 

where: 

x - original variable 

y - transformed variable  

λ - parameter of transformation function 

Box - Cox data transformation 

George E. P. Box and David Cox have created a transformation that allows approximation of selection 

distribution to normal distribution with respect to skewness and kurtosis. It is a very commonly used 

transformation, mainly due to its simplicity. Box - Cox transformation follows the relations:  

                   (2) 

http://en.wikipedia.org/wiki/George_E._P._Box
http://en.wikipedia.org/wiki/David_Cox_(statistician)
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Johnson data transformation  

Johnson transformation chooses one of three types of equations, depending on whether the random variable 

is bounded (SB), log-normal (SL) or non-bounded (SU). The equations are: 

Type SB - bounded random variable: 

      (3) 

Type SL - log-normal distribution of random variable: 

       (4) 

Type SU - non-bounded random variable: 

 b > 0; d >0                                       (5) 

For example, Minitab 16 software proceeds in such a way that it takes into account all three possible 

Johnson transformation equations, estimates their parameters, transforms the data, and then performs 

Anderson - Darling test and selects the function that provides the best approximation to normal distribution. 

Johnson transformation has a wider range of applications, because unlike the Box - Cox transformation or 

the power transformation, it is also applicable for negative values. 

2.2 The use of another theoretical model of distribution 

Another way of solution of the problem of non-normality of the monitored characteristic of quality is based on 

finding another suitable probability distribution to describe the distribution of characteristic. To verify the 

suitability of the selected theoretical model, it is useful to apply some of goodness of fit tests, and to use 

some statistical software in order to find the necessary quantiles. The calculation of the basic process 

capability indices takes advantage of several different procedures. 

Perhaps the most widely used method of evaluation of process capability using a different model of 

distribution is “ISO” method [3]. Similarly as in the case of normal distribution, where the values of -3 and 

+3 correspond to the quantiles for which the distribution function reaches the values of 0.00135 and 

0.99865, another probability model uses quantiles corresponding to these values of distribution function. The 

corresponding values of capability indices can be calculated as: 

                                                   (6) 

                                            (7) 

where: 

x0,00135 - 0,135 % quantile of appropriate distribution  

x0,99865 - 99,865 % quantile of appropriate distribution  

x0,5    - median of appropriate distribution  

H. Schneider, J.Pruett and C. Lagrange [4] have also designed a calculation using the quantiles of the given 

distribution for data originating from normal distribution in order to estimate the process capability indices of 

Cp and Cpk. The calculation of the Cp capability index uses the same relation as the “ISO” method, the Cpk 

index (in the original work referred to as Cpp) however, uses a different calculation formula: 
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   (8) 

W.L. Pearn and K.S.Chen [5] recommend using the same relation to calculate Cp as in case of the „ISO” 

method for any other than normal distribution, for the calculation of Cpk, they have proposed this formula:  

   (9) 

Clements method  

The Clements method is based on the quantile approach to the solution of non-conformity with normality 

covering the data of the monitored quality feature. This method is particularly suitable for data from the so-

called family of Pearson distributions (e.g. gamma or beta distribution). The analysis of the capability under 

these conditions uses modified conventional capability indices designed by Clements [6]: 

    (10) 

                                                     (11) 

where: Up is 99,9865 % quantile, Lp is 0.135 % quantile and M is the median. Their values are determined 

using the tables published by Clements. 

The application of Clements method initially requires to identify the standardized quantiles. These values can 

be found in tables published by Clements based on the skewness and kurtosis of the monitored 

characteristic. The next step is to calculate the mean value and the standard deviation and to determine the 

median and quantiles values, which are then put into appropriate formulas for the calculation of capability. 

2.3 The use of indicators that are not based on a concrete distribution model 

The procedures of the evaluation of process capability discussed so far have always required finding a 

suitable theoretical model of probability distribution to describe the character of the distribution of the 

monitored characteristic for the calculation of the capability indices. One of the simplest possible capability 

indicators that can be evaluated without knowing the nature of distribution of the monitored quality feature 

can be, for example, the average occurrence of non-conforming products expressed in ppm. 

3. COMPARISON OF RESULTS OF PROCESS CAPABILITY ANALYSES USING DIFFERENT 

METHODS 

The next part of this work compared the results of process capability analysis using the described methods. 

The analyzed data (125 values) corresponded to gamma distribution with parameters of α = 7.6076 and β = 

8.19684 and they were generated in Statgraphics Centurion sofware. The tolerance limits have been set as 

follows: LSL = 20, USL = 140. The character of distribution of the monitored feature and its position in 

relation to the tolerance limits are shown in Fig. 1. 

Provided that the analysed data represent 25 subgroups with a subgroup range of 5, a average and range 

control chart was used to perform the analysis of process statistical stability. Both charts did not indicate any 

signals of the effect of assignable causes, so it was possible to consider the analysed process as “in control” 

and to evaluate the capability indices of Cp and Cpk. Statistical software Minitab 16 and Statgraphics 
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Centurion were used for the given situation to evaluate the process capability indices according to all the 

above discussed procedures. 

3.1 Discussion on the achieved results 

The comparison of Cp and Cpk 

indices determined using different 

methods is presented in Table 1 

and Fig. 2. Apart from the values 

of the capability indices, Table 1 

also shows their percentage 

expression, while their values 

determined by means of “ISO” 

method are taken as the basis. 

In the case of Cp index, the values 

determined using the Johnson 

transformation and the Clements 

method are most different from the 

result obtained using “ISO” 

method. On the contrary, the value 

of Cp index determined using the 

Box-Cox transformation is 

practically the same. On the other 

hand, Cpk index achieved the best match with the result obtained by “ISO” methods in case of Johnson 

transformation and in case of evaluation according to Schneider et al., where it is connected with a small 

difference between the values of the median and the average. When Clements method is compared with the 

result according to “ISO” method, the value of Cpk index is the most overrated, and in calculation according 

to Pearn and Chen, it is the most undervalued index. As far as the expected occurrence of non-conforming 

products in ppm is concerned, the values are comparable with the exception of Johnson transformation, 

where the determined value is lower by more than a half. 

Calculation of Cpk equivalents based on the expected occurrence of non-conforming products is another 

possibility of process capability assessment in the cases of using other distribution model. For 9633 ppm of 

non-conforming products calculated Cpk equivalent is equal to 0.78 which corresponds to the result obtained 

using the Box Cox transformation. 

For comparison, in case of not respecting non-normality of given characteristic and calculating capability 

indices with using formulas for normal distribution determined results are: Cp = 0.86; Cpk = 0.61. These 

values are not quite different from those listed in Table 1, however corresponding expected occurrence of 

non-conforming products is significantly higher: 34059 ppm. 

Table 1 Comparison of capability indices calculated by means of different methods 

Method Cp % Cpk % ppm 

Box-Cox transformation 0.88 101.1 0.78 90.7 10572 

Johnson transformation 1.3 149.4 0.88 102.3 4065 

"ISO" method 0.87 100 0.86 100 9633 

Clements 1.14 131.0 1.06 123.3 - 

Schneider et al. 0.87 100 0.84 97.7 9633 

Pearn, Chen 0.87 100 0.6 69.8 9633 

Fig. 1 Histogram of analysed data 
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Fig. 2 Comparison of process capability indices calculated using different methods 

4. CONCLUSION 

The obtained results clearly show that the results of process capability analysis of data which do not 

correspond to normal distribution can be significantly different, depending on the chosen method of analysis. 

The differences in the determined values of capability indices amounted up to 50 % in case of analysed data 

of gamma distribution, when various methods were used. For this reason, it is always desirable to state 

which method was used to achieve the determined results. 

However, in real practice, there may be situations where some methods can´t be used. For example, the 

transformation of data may not be successful and may not lead to achieving normality. It may also happen 

that the tolerance limits lie outside the range of the transformation and it won´t be possible to transform 

them. The efforts to find another theoretical model of probability distribution to describe the distribution of the 

measured data doesn´t have to be successful either. The reasons of these complications are often unrelated 

to completely unusual behaviour of the monitored characteristic, but they are related to inhomogeneous sets 

of data, where one set includes data obtained under different conditions. 
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Abstract 

The Article is dedicated to the allocation of internal activity costs in a production enterprise. The selected 

methods applied in practice have been critically assessed in the context of their impact on short-term income 

statement of an enterprise. The focus was the evaluation of usefulness of the selected methods of cost 

allocation of auxiliary cost centres in the context of their impact on cost object accounting and income object 

accounting. 

Keywords: Auxiliary cost centre, cost object, internal activity 

1. INTRODUCTION 

Cost accounting as an information processing system covers a sequence of ordered and logically connected 

activities. Their main task is to process data concerning the use of resources employed in the business 

activity of an enterprise into information reflecting the costs of differentiated reference objects [6]. Reference 

objects are in particular types, centres and objects. The recording and allocation of costs cover cost by type 

accounting and cost centre and cost object accounting. Cost object accounting is divided into: cost object 

accounting referring to unit calculation objects (e.g. orders, projects) and income object accounting - 

referring to time (e.g. customer account profitability). In economic practice, various methods of cost 

accounting are used; their usefulness depends on embedding in the so-called cost accounting systems. 

The purpose of the article is to present the relation between the cost centre accounting and cost object 

accounting in an enterprise. The article focuses on the identification of the impact of selected methods of 

internal activity accounting embedded in the standard and current cost accounting on prime cost calculation 

and short-term income statement. 

2. STAGES OF COST ACCOUNTING 

Cost accounting and allocation takes place in financial and management accounting, however primary costs 

(consumption of external resources) are accounted for simultaneously in financial and management 

accounting, and secondary costs - only in management accounting. Direct costs are accounted for directly in 

cost accounting objects, and general (overhead) costs - sequentially, i.e. first in cost types and cost centres 

and then in cost object and/or income objects. Fig. 1 illustrates the stages of cost allocation in an enterprise. 

By nature, direct costs may be directly “transferred” to the cost object accounting. Sometimes, they are 

allocated to cost centres in a purely informative manner or as a basis for general costs accounting (e.g. costs 

of raw materials as a basis for determining the surcharge of general purchasing costs). General costs (e.g. 

general costs of purchasing, manufacturing and selling) are always allocated in relation to cost centres. They 

are recorded in cost centres and allocated as part of internal activity - unless auxiliary cost centres were 

differentiated. Then, with reference to each cost centre, the cost rates are determined (i.e. allocation rates 

and surcharge rates). 
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Fig. 1 Stages of cost accounting [3], [8] 

Calculation rates are prices of performances delivered by one cost centre for another cost centre or cost 

object. In the first instance, this applies to internal activity - and in the second - costs of direct pay and 

machine hours of manufacturing orders. The rates are used to allocate overhead costs to one unit of a given 

cost object, for example product or order. Besides that, overall overhead costs of the period are recognized 

in the income objects and compared with the products/services of this period. If in a given period, too many 

or too few overhead costs were allocated, the resultant cost surplus or deficit is recognized in income object 

accounting. Income object accounting, besides the result achieved in a given reporting period, also gives 

information about its sources, provided that a proper division into drivers was made [8]. Income objects may 

be e.g. groups of articles, clients, regions, etc. 

3. COST CENTRE ACCOUNTING 

Cost centres are places of reasons, origination, recording and further allocation of overhead costs. Cost 

centre accounting, relying on cost by type accounting, is a source of information about the value of costs 

incurred in the differentiated areas in an accounting period. Its main tasks are [8]: determining the overhead 

cost rates for cost object accounting, obtaining information for the control of cost-effectiveness and planning 

and decision-making tasks. In view of the accounting technique, there are main and auxiliary cost centres. In 

the main cost centres, the following are accounted for: purchasing, manufacturing, administration and sale of 

cost objects. Auxiliary cost centres support the manufacturing process without direct participation in it. The 

examples of such cost centres are: a repair shop, maintenance management, internal transport, quality 

Cost by type accounting 

Direct costs Overhead costs 

Cost centre accounting 

Cost rates Surplus / Deficit 

Allocation of internal activity 

Income object accounting 

Product groups Clients Regions 

Cost object accounting 

(Calculation) 

Product Order 
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assurance or training department. Cost accounting as part of the cost centre accounting boils down to [8]: 

distribution of primary overhead costs to cost centres, allocation of internal activity to cost centres, 

determination of cost rates and calculation of cost surplus/deficit. 

Table 1 Cost centre analysis sheet 

(CAAS month ...) 

Auxiliary cost centres Main cost centres  

∑ Mainte-

nance 

QM Purchas

-ing 

Process

-ing 

Assem-

bly 

Admin./ 

Sales 

Primary costs        

Secondary costs        

Surcharge rates        

Cost Surplus/Deficit        

Cost accounting data by type and centre are usually illustrated as the so-called cost centre analysis sheet 

(CCAS). It presents cost types in lines and costs by cost centre in columns (Table 1). The connection of cost 

centre accounting with cost object accounting takes place via cost rates, and accounting of cost surplus or 

deficit (Chapter 3.2). 

3.1  Allocation of internal activity 

In addition to main processes related to manufacturing and sale of products, there are auxiliary processes 

run in an enterprise - the so-called internal activity. Costs incurred for performance of such activity are 

recognized mostly in auxiliary cost centres. Main centres can also perform internal activity (e.g. repair, by the 

processing centre, of a device used in the maintenance management department). The allocation of internal 

activity costs boils down to the determination of costs and their allocation in the direction from the provider to 

beneficiary(ies). The provider will be credited and beneficiary(ies) will be debited with such costs. The credits 

and debits thus form secondary costs. Since each credit corresponds to a debit, cost allocation of internal 

activity - called cost distribution - does not increase overhead costs.  

The complexity of internal cost allocation is that there are many recurrent connections between cost centres. 

For instance, the maintenance management department uses the services (tool repair) of the manufacturing 

department on the one hand and provides services to the manufacturing department on the other (e.g. 

related to periodical overhaul of machinery). Since this also applies to each cost centre, the distribution of 

mutual performances may theoretically take place only as simultaneous allocation of the entire internal 

activity.  

The most common methods of internal activity allocation applied in economic practice to internal activity are 

fixed and variable price methods (cost calculation rates). The methods using variable internal prices are: the 

direct method, the step down method, and the reciprocal method. These methods boil down to each time 

(i.e. in successive months) determination of new internal prices. The direct method involves allocation of 

auxiliary cost centres directly to main centres, with the exception of mutual performances of auxiliary cost 

centres (if any). The step down method assumes internal activity allocation in one direction, i.e. with the 

exception of mutual performances. In this method, the sequence of auxiliary cost centre allocation is 

important; the centre that did not receive any performances from other cost centres should come first. The 

most labor-intensive and precise method, in practice applied only when using proper software (such as ERP, 

Enterprise Resource Planning), is the reciprocal method. The reciprocal method takes account of mutual 

performances and boils down to the solution of an equation with n unknown variables where n is a number of 

auxiliary centres for which costs are determined.  
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The application of methods using variable internal prices causes clearing “to zero” (i.e. crediting to zero) of 

auxiliary cost centres, thus debiting main centres with the full amount of costs of auxiliary centres. The 

surplus/deficit for auxiliary cost centres is then zero. The situation does not occur when the fixed price 

method is applied where main cost centres are debited only with the amount corresponding to the number of 

received performances multiplied by their fixed prices. The main cost centres ‘pay only’ for the performances 

received. Surplus/deficit for auxiliary cost centres may then be different than zero (Chapter 4 of the Article). 

3.2  Allocation of cost centre surplus and deficit 

Actual surcharge rates can increase or decrease every month, since both overhead costs and the reference 

values fluctuate over time. This is caused by e.g. irregularity of the production factors consumption or 

fluctuations of the surcharges bases, resulting from, for instance, a different number of working days in a 

month. With a view to ensuring cost recording continuity, cost calculation and accounting indeed take place 

based on actual values of the reference values - however not at actual but normal cost rates determined 

over a longer period. Actual monthly cost rates usually oscillate around a normal cost rate. When accounting 

cost using a normal cost rate, differences between the actually incurred overhead cost and the accounted 

overhead costs (= normal overhead costs) of cost centres may emerge, which are determined as cost centre 

surplus (+) or deficit (-). Surpluses occur when normal overhead costs are higher than actual overhead costs, 

i.e. when the normal surcharge rate is higher than the actual surcharge rate. Otherwise, deficit occurs [3]. 

Cost accounting is then a coherent system even if each element is incompatible time-wise. In practice, this 

coherence is ensured by ERP systems, within the so called data flow functionality [4]. The example of the 

application of the considered concept is discussed later in the article. 

4. ILLUSTRATIVE EXAMPLES 

The example compares two internal activity allocation methods - the step down method and the fixed price 

method - in view of their impact on the cost object accounting and income object accounting. Two auxiliary 

cost centres (ACC) were differentiated: Maintenance and Quality Management and main cost centres 

(MCC): Purchasing, Processing, Assembly and Administration/Sales corresponding to typical functional 

areas of an enterprise. Cost objects are products representing assortment groups while income objects are 

sales regions. 

Table 2 illustrates CCAS using the step down method (variant 1) and fixed price method (variant 2). To 

simplify, the illustration of cost rates and the procedure of determining overhead cost surcharges of cost 

objects was omitted. The allocation (distribution) of costs of auxiliary cost centres caused a debit to the 

internal activity recipients. The application of the step down method (variant 1) cleared the auxiliary cost 

centres “to zero”, thus fully debiting the main cost centres in the total amount of k€ 300. The overhead cost 

surcharge allocation to cost objects totaling k€ 607 boils down to crediting the main cost centres and debiting 

cost objects. Surplus/deficit after such allocation totals k€ 383, i.e. ACC and MCC of k€ 180 and k€ 204 

respectively. 

Tables 3 and 4 illustrate the cost object analysis sheet and income object analysis sheet respectively. Their 

analysis demonstrates the following regularity: while the application of various methods of internal activity 

allocation did not affect profit/loss on sales, it impacts the valuation of the cost of goods - actual. The 

examples shows a difference between the manufacturing cost for both methods of k€ 180 (= 2 079 - 1 899). 

It is equal to the surplus of auxiliary cost centres of k€ 180 (= 114 + 66), which with the use of the fixed price 

method debit ‘only’ profit/loss on sales. 
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Table 2 Cost centre analysis sheet 

(CAAS month ... , k€) 

Auxiliary cost centres Main cost centres  

∑ Mainte-

nance 

QM Purchas

-ing 

Process

-ing 

Assem-

bly 

Admin./ 

Sales 

Primary costs 200 100 90 300 220 80 990 

        

Variant 1 - step down method 

Allocation Mainte-

nance 

-200 36 22 75 30 37 0 

Allocation QM  -136 0 48 88 0 0 

Costs after 

allocation 

0 0 112 423 337 117 990 

Allocation to cost 

objects 

  -124 -151 -129 -204 -607 

Cost Surplus/Deficit 0 0 -12 272 209 -86 383 

        

Variant 2 - fixed price method 

Allocation Mainte-

nance 

-86 15 10 32 13 16 0 

Allocation QM  -50 0 18 32 0 0 

Costs after 

allocation 

114 66 100 350 265 96 990 

Allocation to cost 

objects 

  -124 -151 -129 -204 -607 

Cost Surplus/Deficit 114 66 -24 199 136 -108 383 

Table 3 Cost object analysis sheet        Table 4 Income object analysis sheet 

(in k€) 
Variant 

1 

Variant 

2 

 
(in k€) 

Variant 

1 

Variant 

2 

Direct costs 1 293 1 293  Sales Revenue 2 810 2 810 

OC of Purchasing  124 124  Cost of Goods (actual) -2 079 -1 899 

OC of Processing 151 151  Gross profit 731 911 

OC of Assembly 129 129  OC of Admin/Selling -204 -204 

Cost of Goods 

(normal.) 
1 696 1 696 

 Cost Surplus/Deficit 

ACC 
0 -180 

Cost Surplus/Deficit 

MCC 
383 203 

 Profit/loss on Sales 

(act.) 
527 527 

Cost of Goods (actual) 2 079 1 899     

OC of Admin/Selling 204 204     

Prime Costs (actual) 2 283 2 103     

 

The application of the variable price method (e.g. the step down method) related to the clearing ‘to zero’ of 

auxiliary cost centres and full debiting of main cost centres may be unjustified overstatement of 

manufacturing costs and incorrect information about the effectiveness of use of the manufacturing capacity 

of an auxiliary cost centre. The knowledge of unused manufacturing capacity of an entity should be used to 
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optimize the departments’ resources. Therefore, omitting such important information is possible only in the 

case of its insignificant impact on the results of the analysis [2].  

5. CONCLUSIONS 

The literature on the subject covers many methods of allocation of internal activity costs in an enterprise. The 

presented comparison of two alternative methods - in full cost accounting - demonstrating the need of a 

more in-depth analysis of their usefulness in the context of information needs of an entity. A conclusion 

saying that - even if the application of various cost allocation methods does not impact profit/loss on sales, it 

may materially impact the valuation of the manufacturing cost of finished products and work in progress - 

deserves much attention. 

Further studies will aim at deepening the contemplated analysis in variable cost accounting. The impact of 

costs of auxiliary cost centres in the situation of unequal use of manufacturing capacity will be studied in 

detail. 
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Abstract 

The paper deals with valuation of the long-term tangible fixed assets in accounting. The aim of this paper is 

to compare different problems with valuation of the long-term tangible fixed assets and their perceptive 

comprehension in the course of processing financial analyses from financial statements. 

Keywords: long-term tangible fixed assets, assets valuation, repairs, technical revaluation, financial analysis  

1. INTRODUCTION  

The basic source of information for the financial analyses, as well as various other decision-making 

processes of any industrial enterprise is its accounting. The long-term tangible fixed assets represent a 

significant part of the assets of each industrial enterprise. There are certain material properties typical for 

long-term tangible fixed assets, as well as their long-term use of more than one year and their aptitude to get 

a certain level of valuation. While being used, the long-term tangible fixed assets are subject to gradual 

physical and moral wear, which is reflected in the loss of their original utility qualities they were originally 

acquired for, and consequently there is a decrease in such assets value.  

The aim of this paper is to compare different ways of reporting and valuation of fixed assets in accordance 

with Czech accounting and tax laws and in accordance with International Accounting Standards IAS / IFRS 

and, in particular, to call attention to the problems and shortcomings that evaluation procedures under the 

Czech laws provide.  

2. LONG-TERM TANGIBLE FIXED ASSETS IN THE CZECH REPUBLIC’S ACCOUNTING AND TAX 

LEGISLATURE  

In the Czech Republic, the long-term tangible fixed assets fall under the regulation of many laws, in terms of 

both accounting, as well as tax. Accounting definition of long-term tangible fixed assets is based mainly on 

Czech Accounting Standard No. 013 - Intangible and tangible assets in relation to the Act No. 563/1991 

Coll., Accounting Act, and Finance Ministry Decree No. 500/2002 Coll., implementing certain provisions of 

the Accounting Act. Tax view on long-term tangible fixed assets is regulated by the Act No. 586/1992 Coll., 

on income tax, as well as by the GFD Instruction No. D-6 aimed at a consistent approach in the application 

of certain provisions of the Income Tax Act. 

The Czech accounting and tax laws use, in some individual cases, a different terminology for the long-term 

tangible fixed assets, and we can also identify somewhat different approach to such assets evaluation and 

depreciation methods. Accounting treatment of long-term tangible fixed assets is substantially broader than 

the concept of tax. Unlike the tax rules, the accounting rules do not set down any limit for entry price of the 

long-term tangible fixed assets (except technical revaluation), and the entry price depends only on the 

decision of an entity for tax purposes. However, it is understandable that most entities use in accounting for 

practical reasons limit for the entry price of long-term tangible fixed assets, such as defined for the tax 

mailto:zdenek.schwarz@comtax.cz
mailto:petra.beranova@comtax.cz
mailto:jana.buchtova@vsb.cz
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purposes. Accounting depreciations are laid down by the entity in its own depreciation schedule, as opposed 

to the tax depreciations, which are regulated by the Income Tax Act. [1], [2]  

3. COMPARISON OF APPROACHES TO LONG-TERM TANGIBLE FIXED ASSETS REPORTING 

PURSUANT TO THE CZECH LEGISLATURE AND IAS/IFRS 

We consider it interesting to compare the approaches of the Czech accounting with the international 

accounting standards IAS/IFRS; therefore, we will focus our attention on them. The objective of these 

standards is not to lay down detailed procedures for such assets appropriate book-keeping, but namely to 

establish the rules for such assets appropriate reporting in the financial statements. The reporting of long-

term tangible fixed assets is regulated by several standards, where dividing line for such assets’ distinction 

is, in particular, the purpose of their acquisition. If it is required that the financial statements, such as 

elaborated in accordance with the Czech accounting standards, are converted to IAS/IFRS, it is necessary to 

determine, which of the below standards should be employed. The reason behind such approach is the fact 

that the Czech accounting regulations do not possess any such dividing line, as well as the fact that there 

are different requirements regarding reporting of assets under each of described standard.  

3.1. IAS 16 - Property, Plant and Equipment  

IAS 16 outlines the accounting treatment for most types of property, plant and equipment, which the entity 

keeps with view to their utilization for manufacture or supply of goods and services, to be leased or rented to 

another entity or due to administrative reasons, where useful life of such property, plant and equipment is 

longer than one accounting period. The useful life in this case is considered to be the time period during 

which it is assumed that the entity would utilize such asset or expected quantity of products or similar units 

that can be gained by the entity through utilization of such asset. To be recognized as asset under IAS 16, 

such property, plant and equipment item must meet two prerequisites - probability of future economic 

benefits associated with the asset, which is to flow to the entity, and that the acquisition cost of the asset can 

be reliably measured.  

This particular standard deals in detail with the spare parts, which can be exclusively for maintenance in 

particular plant and equipment item, or those, concerning whom the entity assumes useful life longer than 

one accounting period. All other spare parts, i.e. those that do not meet stipulated assumptions, are 

considered inventories. Thus, from the IAS/IFRS viewpoint, the spare parts position is significantly different 

from the Czech accounting legislature, which takes all spare parts, regardless of time or purpose of 

utilization, as inventories whose accounting treatment is that of current assets. [3]  

3.2. IAS 40 - Investment Property  

IAS 40 Investment Property applies to reporting, evaluation and disclosures as regards investment property - 

land and/or buildings - held by the owner or lessee rather to earn rentals or capital appreciation (or both) 

than for their utilization due to administrative reasons, for their sale within general entrepreneurship or for 

manufacture of products or rendering the services. [4] Therefore, the investments in non-movable assets are 

sometimes called “passive investments” in order to distinguish them from other, actively operated property 

items. [5] The difference between the Czech legislature and the IAS/IFRS lies in the fact that the Czech 

accounting regulations remain silent about investment property. Such assets are book-kept as normal, long-

term tangible fixed assets.   

3.3. IFRS 5 - Non-Current Assets Held for Sale and Discontinued Operations  

IAS/IFRS 5 outlines how to account for non-current assets held for sale and discontinued operations. The 

category of non-current assets held for sale bears relation to a long.-term property rather by virtue of its title 

only. From reporting view, herein involved are short-term items, entered individually. As far as these assets 
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are concerned, the assumption is that their book value will be probably regained rather through the selling 

transaction than through continued operation. Thus, herein involved is the asset with all indications that it will 

be sold within a short period, mostly within one year. Such asset must be prepared for sale and the sale 

must be highly probable. [6] 

The difference between the Czech rules and the IAS/IFRS, similarly as in case of the IAS 40, lies in the fact 

that the Czech accounting legislature refrains from separate reporting regarding any assets scheduled to be 

sold by the entity in a year to come, which approach is different from the IAS/IFRS, where such asset would 

be separated from remaining property and book-kept in the current assets category.  

3.4. IAS 17 - Leases  

IAS 17 Leases prescribes the accounting policies and disclosures applicable to leases, both for lessee and 

lessor. IAS 17 is closely related to IAS 16 Property, Plant and Equipment, because as of the moment when 

any long-term asset having been acquired through the financial leasing is entered into the balance sheet 

elaborated by the lessee in conformity with IAS 17, then such asset is treated according to IAS 16. A day, on 

which an item subject to leasing enters the entity’s assets, is a day, on which the lessee is entitled to use 

such item subject to leasing. [7] 

A completely different view on the financial leasing exists between the Czech laws and accounting 

regulations and IAS/IFRS. The Czech accounting rules pay no particular attention to the leasing, which is 

subject to tax legislature only. Yet, there are two ways as how to account for the financial leasing in the 

lessee books. In the first case, there are no stipulations in the entity’s balance sheet as regards both the 

assets having been acquired through the financial leasing and long-term liability arising there-from. In the 

second case, the entity on the financial leasing validity commencement stipulates in its balance sheet, in the 

accruals account, a simple aggregation of leasing instalments against the liability such as arising from the 

leasing contract. In case of IAS/IFRS application, differently from the Czech approach, the subject matter of 

leasing is reported in the balance sheet in respective asset’s account against liability towards the leasing 

company.  

4. VALUATION OF FIXED ASSETS  

In principle, where the valuation of long-term tangible fixed assets in the Czech Republic’s accounting is 

concerned, certainly historical prices based upon the input prices are used. These are procurement prices, 

provided respective assets were, under certain conditions, acquired by means of purchasing, or own cost, 

provided respective assets were acquired for own account, or, as exception, a replacement cost. Valuation 

of long-term tangible fixed assets is increased by the cost incurred on such assets’ reconstruction and 

modernization. On the other hand, the repairs (including overhauls) and maintenance are always deemed an 

integral part of normal operating cost of given entity. The entity may create reserves for repairs, including 

those that are legal, i.e. deductible in view of the income tax, provided the rules such as set forth n the act on 

reserves were observed. In connection with the aforesaid it is necessary to stipulate that in practice it is 

sometimes difficult to distinguish in particular case between a repair and a technical revaluation. Wrong 

decision leads not only to a possible incorrect valuation of such assets, but also incorrect calculation of the 

income tax base. [1], [2] 

4.1. Valuation Using Acquisition Cost 

To perform valuation of long-term tangible fixed assets using acquisition cost is rather complicated task. The 

question is, which costs (expenses) connected with such asset’s acquisition, need to be involved and which 

need not. In principle, we can say that the acquisition cost (i.e. investment cost) involves the majority of costs 

associated with the acquisition of respective tangible fixed asset, basically with the exception of sanction 

costs, however, from the time viewpoint, in some cases, there is a limitation in time of putting such asset into 
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use. It is with certain simplification that we can say that the price of tangible fixed asset should not include, in 

particular, contractual penalties and interest for delay amounts, or other contract-based sanctions, which 

from the Income Tax Act point of view are not considered as the expenses incurred on gaining, ensuring and 

sustaining the income, plus currency exchange rate variations.   

4.2. Valuation Using Own Cost  

Any long-term tangible fixed assets acquired on own account in the Czech Republic are subject to valuation 

using own cost, which category includes all direct and indirect costs incurred on such assets’ origination 

through own activities, possibly also costs of administrative nature.  

4.3. Shortcomings and Problems of Tangible Fixed Assets Valuation  

From the above it follows that any reader of the financial statements is unable to detect, directly from the 

balance sheet, the actual state of the tangible fixed assets wear, i.e. what is their physical and moral wear.  

Another problem is to emerge, when the entity uses historical valuation of such assets, what becomes 

apparent, in particular, in older enterprises with a big volume of such assets. Such companies’ assets are 

very often undervalued, valuation of assets such as recognized and reported in accounting very often does 

not represent the real value for which such assets could have been newly acquired. Nonetheless, it just can 

be otherwise in case when such older assets were purchased, or if such older assets were acquired by virtue 

of non-monetary contribution.  

Another shortcoming in respect of valuation relates to acquisition of long-term tangible fixed assets or 

intangible assets and exercise of technical revaluation thereof from grant because such grant is decreasing 

the value of property procured from such grant. In the Czech Republic’s accounting in such case the view of 

the tax laws prevails. For the sake of completeness, it is necessary to point that if the entity obtained 

respective grant for the purpose of cost coverage, it would account for it in other operation revenues in both 

material and time context with accounting for the costs incurred on given purpose. This might be also a 

subsidy from which the entity would finance a financial leasing concerning long-term tangible fixed assets.  

In our view, it is incorrect that the ways and means of financing for acquisition, as well as contemporary 

methodology of recognition and reporting as regards repairs and technical revaluation of fixed assets can 

have an impact on their valuation amount in the balance sheet, and hence subsequently such assets’ 

accounting and tax depreciations and replacement value, not mentioning the problems arising, for example, 

if anybody would wish to arrange for the insurance of thus acquired assets against damages.    

Whilst according to IAS/IFRS any repair that involves a replacement of a substantial proportion of given 

asset is book-kept as a part of long-term tangible fixed asset, according to the Czech accounting 

methodology, such repair is neutral in view of such asset’s valuation. This can, namely as far as some big 

industrial facilities are involved, result in significant assets’ undervaluation.  

From the above problems it follows that the long-term tangible fixed assets deserve, with view to financial 

analyses in particular in industrial companies where they are allocated in greater volumes, justifiable 

attention. Such assets are valued basically in historical prices that no longer correspond to current pricing 

levels. This particular problem, however, may manifest itself inside the company in varying degrees of 

intensity, depending on how such property was acquired within the entity. Also, depreciation may not 

correspond to the actual state of wear, even though they are in the books, and therefore recognized in the 

financial statements accounting depreciation, not tax ones. The valuation of tangible fixed assets, as it 

follows from the aforesaid, is under the influence of, in particular, methodology of accounting for such assets’ 

repairs and technical revaluation, accounting for investment subsidies, financial leasing and, in some cases, 

also use of valuation difference towards acquired assets.    
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5. CONCLUSION  

In summary, it is therefore clear that the above outlined procedures do not resolve the problem, which had 

historically originated in the entities in the Czech Republic, especially in long-term tangible fixed assets 

category. Here we can see, with view to the regulations in force in our country, a correct, yet in time order 

with view to the inflation and various accounting methods, a non-homogeneous valuation, which might lead 

to misleading results not only in financial analyses, but also in assessment of development plans. This fact is 

especially important in businesses that need to operate large volume of such assets, where typical examples 

are metallurgical enterprises. In our opinion, in the earlier years, the possibility of the revaluation of property 

remained unused, and therefore it is necessary to count with this aspect in the analyses of the development 

of these enterprises, both at sector, as well as corporate and internal level. For the purposes of intra-

company management it is possible to perform an adjustment in valuation of long-term tangible fixed assets 

and use so called depreciation calculations. In addition to that, it should also be noted that according to the 

Czech accounting standards it is impossible to perform any revaluation of tangible fixed assets on a balance 

sheet day in prescribed manner, as it is allowed by the international accounting standards. The IAS/IFRS 

allow for, when certain conditions are met, revaluation of long-term tangible fixed assets. In our opinion, such 

approach ought to be incorporated in our country’s regulations for double-entry accounting of entrepreneurs. 
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Abstract  

The present economic recession brings a demand of changing in management, speed up modification and 

intervention to strategy. This situation increases the demand of controlling actions and following 

implementation of strategic changes and monitoring. Such implementation process cannot be time 

consuming and complicated. In connection with Controlling the line between operational and strategic 

controlling has been shortened. To do effective reporting for management means to inform and motivate 

staff consequently. The motivation means a definition of the specific strategic drivers and interesting amount 

or tools for motivation, which would motivate the key teams for implementation of strategy. Of course the 

strategy has to have a clear time schedule and has to be interconnected and supported by operational goals. 

The article tries to define the strategic controlling as a tool for achievement of required strategic changes and 

to find a place in current motivation system, which is mainly based on short-term indicators of operational 

controlling.  

Keywords: strategy, controlling, information, manager, motivation 

1. INTRODUCTION 

At present time we are still facing ongoing global 

recession, which is significantly touching the 

European continent and production capacities are 

exceeding the global demand of steel. The drop 

of production has been starting to concern also 

automotive industry, which is leader-drafter of 

European economy and following industry links. 

The global economy situation causes cutaway of 

long-term budgeting, which was common and has 

narrowed potential of flexibility to react to often 

changing capacity of production and other 

strategy changes. 

Shareholders, finance groups, banks and 

governments are replying to statistic results and 

prognoses, reactions from market and revaluating 

their strategy to prevent losses with goal to keep 

market shares and competitive advantages, with 

goal to ensure keeping finance value of their 

treasury (shares - companies). Those steps lead 

to following application of next steps in 

management strategy, shown in Fig. 1. 

To the next management that relates with 

accepted strategy is necessary to ensure timely 
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information, comprehensibility of strategy and fast implementation to fulfil new vision. Management plays a 

key role in this process and its motivation to fill the strategy has be defined very accurately. Not least the 

application of strategy steps to the operation tasks is also very important. Controlling has to implement these 

strategy steps to the reporting system and regularly monitor value and report its progress [1]. 

Following description of changes that relates to strategy application in the company from global producer of 

moulded wheels. In consequence of volume reduction has been decided about restriction for reduction 

capacity (closing operations) in one plant and at the same time about maintain the same capacity on the 

other plant. Those decisions of course have to be analysed by corporate controlling with goal to find the best 

result for the group.  

2. IMPLEMENTATION OF STRATEGY AND THE ROLE OF CONTROLLING 

The word strategy should be used in case we want to indicate something with long-term validity or something 

with fundamental sense. Strategic mistakes are missing management decisions or consequences of wrong 

behaviour. 

The strategy forms and consists of measures for creation of new or for keeping existing potentials for 

success. 

The strategy determines direction to development of the company; it describes how the management can 

have success from normative goals and new reality. Strategic management is understood as preparation, 

meetings, definition of strategic decisions and keeping normative frames. The normative management is 

concerned with further working out of strategic lines in the company and their application. Strategic 

management requires mutual involvement, initiative and comprehensiveness of thinkers and activists [2]. 

Their collective task is to define such strategic possibilities, which ensures long-term profitability of company 

(holding). 

It is difficult to diversify new values from the long used ones, or new strategy from the already conducted 

one, but adapting process is more important. This process of basic change has to be planned systematically, 

targeted and focused on implementation, managed and checked („change management“) [2], [3]. 

And this process of management is supported by controller as „change agent“. Induction of strategic steps to 

the life of company means big job of controllers, who accept normal planning process, valuation and 

reporting with application measures. The following steps are important for successful implementation of 

strategy: 

 Clear definition of goal 

 Support of management 

 Definition by schedule with milestones 

 Precise plan and its feedback of valuation 

 To manage process for implementation  

 To be interested in conflicts and look for solution 

 To ensure the foreknowledge across the company on time 

The success of changes is the acceptance of strategy by all participants. The most effective tools are 

accurate scheduling, persuading, negotiating, delegation and motivation [4]. In phase of motivation most 

companies are facing old traditional bonus system and very often have to be discussed with the trade union 

also. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1719 

70%

30%

Fixed flexible

coef f icient for incerase 
based on performance of  
manager

+ other non 
cash benefits

Motivation 
part

Fixed part of  
salary

Changes in 

operating 

budget

Realization

Comparison of budget and actual

Operating planning - budgeting

Changes in strategy

AnaProcess of strategic 
management

1.  Analyses of 
market enviroment 

and company
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Fig. 2 Links among phases of implementation strategy 

3. SUPPORT FOR REALIZATION OF 

STRATEGY (KEY GLOBAL PRODUCER OF 

WHEELS AS EXAMPLE) 

3.1. Well-informing and full concerned TOP 

management for Implementation 

The Base for success is active and positive 

approach of top management for implementation 

changes new strategy [5]. To convince key 

managers is an absolute priority and on such 

process will play basic role „motivation“. Motivation, 

not only in the form of cash bonuses, but depends 

on personal communication for each of key 

managers. 

In case of global producer of wheels, was decided Fig. 3 Flexible and fixed part of motivation 
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about moving part of capacity from one plant to another in Europe. This decision has a negative impact to 

the East plant and for management is difficult to ensure realization. With Top managers a meeting was held 

and there was a discussion about their important position on this strategic step and was defined finance and 

non-cash bonuses and possibilities for motivating other key employees across company also, Fig. 3. 

3.2. Next step - Motivation of key employees and implementation strategy 

The following steps were also specified as important for implementation strategy, motivation of employees 

and set up to the common life steps for fulfilment strategy which is defined by milestones with finance and 

other indicators for each time-frame. In current system motivation for middle management plus employees 

and workers exists flexible system for definition goals on monthly basis (important is information about goal 

on time) and very similar part for using coefficients to change a flexible part based on performance of 

employees, Fig. 4. This system with definition personal tasks makes it possible to define concrete tasks on 

limited time periods. Such system controls more proper fair system for motivation then is generally used by 

majorities.  

Goals for motivation outcoming mostly from yearly budget (monthly, qtrly data)

Ebitda rate of scrap Implementation of…….

ROI norm of consumption…… Decrease number of employees….

Cash flow safety rate Specification action steps for….

Production volume

with Goal

Personal contribution

With turbulance in changes of management  inluenced by strategy

the goals could be changed during year based on year forecast or new budget 

to support new strategy

General finance goals Operative KPIś Personal goals

Personal contribution

General finance goals Operative KPIś Personal goals

 
 

 

Performance is base for coefficient 

which can increase motivation part 

Fig. 4 Flow of motivation 

4. CONCLUSION 

For a successful implementation of strategy communication and motivation managers and generally all team 

work are key factors. Shareholders, corporate and owner should not underestimate proper planning of steps 

for implementation and should focus on sufficient motivation and using existing system of controlling for 
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implementation strategy. Strategic controlling has to be linked with operating controlling based on scheduled 

steps and results present on regular basis on management meeting. Good and clear motivation principles 

can help significantly for fast, reasonable implementation strategy with feedback of significant deviations to 

rich defined strategic goal. 
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Abstract  

Highly efficient supply chain becomes to be essential presumption for smooth operation of the production in 

each industry and also for delivering of the products produced by industry operations to the customers. The 

stability of the supply chain relates on its resilience. Improvement of this crucial attribute of LSC by effective 

way can be achieved by assessment of the supply chain resilience. QFD is known as a method to transform 

user demands into design quality, to deploy the functions forming quality, and to deploy methods for 

achieving the design quality into subsystems and component parts, and ultimately to specific elements of the 

manufacturing process. In the paper I would like to be concerned on use of QFD modification in the process 

of the supply chain resilience assessment.  

Keywords: supply chain, resilience, QFD, Quality House, agility, risk assessment, logistics, industrial 

1. INTRODUCTION 

Every activity that a supply chain conducts has inherent risk that an unexpected disruption can occur. The 

global reach of supply chains, shorter product life cycles, and increasing customer requirements have made 

businesses aware that supply chain disruptions can cause undesirable operational and financial impact [1]. 

Furthermore, traditional risk management techniques are lacking in their ability to access the complexities of 

supply chains, evaluate the intricate interdependencies of threats, and prepare an enterprise for the 

unknowns of the future [2]. Becoming aware of these gaps, many of supply chain researchers are beginning 

to understand the value of the concept of resilience, defined as “the capacity for an enterprise to survive, 

adapt and grow in the face of turbulent change” [3].  

Among factors increasing risk frequency and degree within supply chain we may count globalization, 

outsourcing, lean processes, centralization of distribution, IT dependence, product and service complexity, 

deficit (and overload) of/by information, continual and rapid technology innovation [3], [4]. Although there was 

done plenty of work on the academic field the practice requires user friendly and easy to use tools which 

could assist to supply chain management in implementation the risk assessment and actions plans through 

effective and efficient way. 

Utilization of methods known from another management disciplines (e.g. quality planning) can be good way 

how to pro link theory with practice. The QFD (Quality House / Quality Function Deployment) belongs to 

them. The text describes how this method (after some modification) could be used for the purposes of 

management of supply chain resilience. 

2. LITERATURE AND THEORETICAL REVIEW 

2.1. Definitions 

There are many of various definitions of resilience supply chain. After their collation the following were used 

for the intend purposes: 

 The ability to return to its original state or move to a new more desirable state after being disturbed [6]. 

mailto:marousek12@gmail.com
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 The adaptive capability of the supply chain to prepare for unexpected events, respond to disruptions, 

and recover from them by maintaining continuity of operations at the desired level of connectedness 

and control over structure and function [1].  

2.1 Quality Function Deployment 

Quality Function Deployment was developed in Japan during the 1960s by Akao as a method for 

incorporating consumers` demands into product development. Akao and Mazur defined QFD as a method 

for defining design qualities that are in keeping with customer expectations and then translating those 

customer expectations into design targets and critical quality assurance points that can be used throughout 

the production/service development phase [7], [8]. It was firstly used at Mitsubishi`s Kobe shipyard site in 

1972. Later in 1983 it was introduced to the USA and it has since spread quickly to many other countries [9].  

Basic principle of QFD is to translate customer 

requirements into product/service quality indicators with 

required value. For that the Quality House is used (see 

Fig. 1). In the Quality House the customer needs for 

product / service are put into the rows. For each of them 

the customer priority level is investigated and stated. 

This will help to set priorities to the design engineers 

when transforming the needs into product technical 

specifications. In the right side of the “house” the 

benchmark data for each customer requirement are put 

to get overview about competition position. 

The technical requirements are input into the columns. 

For each of them in the house bottom the values of 

target indicators values are stated. It is important to say 

that the best way how to get customer`s requirements 

and their priorities is via focus groups where customers` representatives are participating. The technical 

requirements are set on the focus groups with involvement of product specialists and design engineers. 

Because some technical specifications are sometimes negatively influencing each other their correlation has 

to be assessed in the “house” roof. It is common that the Quality House is used in more levels of new 

product design - first level for product / service design, second for process design and third for activities 

design (see Fig. 2). The use of the Quality House enables to control design development as a project by 

sophisticated way or to provide various analyses (e.g. row and column) [7], [13]. 

The QFD has been usually used for design of physical products within the industry (automotive e.g.). When 

using QFD for designing logistics products and services the process variability and singularity has to be 

beard in mind. But the use for logistic services has been described by some authors also. The use of QFD 

for transformation of service requirements into design of service, process and activities to ensure service 

quality of 3PL providers is described by Lin and Pekkarinen in their research paper [10]. Baki, Basfirinci, 

Cilingir and Ar are applying QFD in their case study of Turkey Cargo Company [11]. Marousek modified QFD 

as a tool for continual process improvement of Parcels Courier Company [12]. 
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Fig. 2 Quality house levels 

3. POSSIBLE APPLICATION OF THE QUALITY HOUSE FOR SUPPLY CHAIN RESILIENCE 

ASSESMENT PURPOSES 

3.1. Idea description 

Use of Quality House for the supply chain resilience 

assessment requires leaving conservative approach 

and looking “out of the box”. The business doing 

requires efficiency and cost lean approach. From 

risk management point of view we have to be 

efficient to eliminate risk. If the system of resilience 

is robust than we are negatively influencing 

profitability of the supply chain providers, if it is not 

optimal we are putting operation under high risk (see 

Fig. 3).  

Pettit, Fiksel and Croxton defined set of factors for 

both - vulnerability and capability (see Fig. 4) [3]. 

Fig. 3 Zone of efficient resilience [3] 
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Fig. 4 Vulnerability and capability factors (freely by [3]) 
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3.2. Resilience House 

The companies have to reflect to most of the factors in their business/operations/risk management. From 

QFD methodology point of view the relation of vulnerability factors (WHAT?) can be assessed against 

capacity factors (HOW?) in the relation matrix as first step. After that the matrix analyses shall be done. 

Through analyses we should get overview of relation strengths between both - vulnerability and capability 

factors (null - no relation, 1 - weak relation, 3 - medium relation, 5 - strong relation). This should help us to 

set priorities and concentrate effectively on those which have the highest priority. 

After that we can “transform” capability factors into measurable controls. For each of those controls the 

required and safe ranges of measures shall be set and measured to ensure that the risk is controlled within 

the acceptable range. In the roof of the matrix (house) the influences among those controls can be evaluated 

(neutral, strengthening, weakening relation).  

The idea has been presented as “resilience house”, where vulnerability factors are linked to 

business/operations/risk controls (see Fig. 5). Later investigation has proved that the relation between 

vulnerability and capability factors cannot be universal and it depends on the particular logistic system 

(assessed part of the supply chain). 

3.3. Procedure of resilience house construction 

Construction of the “Resilience House” should follow this procedure: 

Step 1: The matrix constructor should start with summarization of the list of all possible resilience factors and 

all possible capability factors. Possible source is in [3], or constructor can start to build new list of factors. 

First option requires review of validity of listed factors for particular logistic system/supply chain, best way 

how to ensure second option is to use team synergy and brainstorm their ideas. Finally it is useful if the 

factors are grouped into logical groups (see Fig. 4).  

Step 2: First relation matrix 

development: All vulnerability factors 

should be placed into the rows and all 

capability factors into the columns to 

enable team to evaluate reliability 

among each of them. 

Step 3: This stage is recommended to 

be managed by use of the team of 

specialists. They should evaluate 

reliance between particular vulnerability 

and capability factor by answering the 

question: “How much the vulnerability 

factor has been reflected in capability?” 

or in another words - “How much can 

capability factor affect particular 

vulnerability factor?” There are four 

options of relation evaluation and the 

team should achieve consensus on 

each of them (null - no relation, 1 - weak 

relation, 3 - medium relation, 5 - strong relation) (see Fig. 6). 

Step 4: When we have all vulnerability and capability factors evaluated we have to count up values of all 

rows and all columns.  
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Step 5: Analyses: At that time we may start with analyses. The rows with lowest value of sum up for 

individual vulnerability factors are those we should concentrate. For those factors only some capability 

factors have relation. It means that that we should (a) find more capability factors and/or (b) to make existing 

capability factors very robust. The columns with the highest value of sum up are showing the capability 

factors which are most important for the resilience system. For those we should concentrate on the 

optimization of the measures for their control.  

Step 6: Development of measurable controls and measurements for the capability factors. In this stage we 

have to develop measurable system/process controls and set optimal level of values of their measurements. 

Example of this is demonstrated at Fig. 7. 

NILL - any relation                                                                      

1 - weak relation                                                                              

3 - medium relation                                                                   
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In
su

ra
n

ce

P
o

rt
fo

lio
 d

iv
er

si
fi

ca
ti

o
n

Fi
n

an
ci

al
 r

es
er

ve
s 

an
d

 lu
q

u
id

it
y

P
ri

ce
 m

ar
gi

n

R
es

er
ve

 c
ap

ac
it

y

R
ed

u
n

d
an

cy

B
ac

k 
u

p
 e

n
er

gy
 s

o
u

rc
es

 a
n

d
 c

o
m

m
u

n
ic

at
io

n
s

W
as

te
 e

lim
in

at
io

n

La
b

o
r 

p
ro

d
u

ct
iv

it
y

A
ss

et
s 

u
ti

liz
at

io
n

P
ro

d
u

ct
 v

ar
ia

b
ili

ty
 r

ed
u

ct
io

n

Fa
ilu

re
 p

re
ve

n
ti

o
n

B
u

si
n

es
s 

in
te

lig
en

ce
 g

at
h

er
in

g

In
fo

rm
at

io
n

 t
ec

h
n

o
lo

gy

P
ro

d
u

ct
s,

 A
ss

et
s 

an
d

 P
eo

p
le

 v
is

ib
ili

ty

In
fo

rm
at

io
n

 e
xc

h
an

ge

Fa
st

 r
er

o
u

ti
n

g 
o

f 
re

q
u

ir
em

en
t

Le
ad

 t
im

e 
re

d
u

ct
io

n

St
ra

te
gi

c 
ga

m
in

g 
an

d
 s

im
u

la
ti

o
n

Se
iz

in
g 

ad
va

n
ta

ge
 f

ro
m

 d
is

ru
p

ti
o

n

A
lt

er
n

at
iv

e 
te

ch
n

o
lo

gy
 d

ev
el

o
p

m
en

t

Le
ar

n
in

g 
fr

o
m

 e
xp

er
ie

n
ce

s

M
o

n
it

o
ri

n
g 

ea
rl

y 
w

ar
n

in
g 

si
gn

al
s

Fo
re

ca
st

in
g

D
ev

ia
ti

o
n

 a
n

d
 n

ea
r 

m
is

s 
an

al
ys

es

P
re

p
ar

ed
n

es
s

R
is

k 
m

an
ag

em
en

t

B
u

si
n

es
s 

co
n

ti
n

u
it

y 
p

la
n

R
ec

o
gn

it
io

n
 o

f 
o

p
p

o
rt

u
n

it
ie

s

Σ 
o

f 
al

l v
al

u
e

s 
in

 t
h

e
  r

o
w

s

Supplier reliability  3  3 5 3 3 3 3 3 3 1 5 5 3 5 5 3 3 3 5 1 3 5 5 5 3 203

Customer disruption 5 3 3 3 5 1 3 5 5 3 5 5 3 1 5 3 1 3 5 1 1 3 5 5 5 206

Scale of network 1 5 3 3 3 1 1 5 3 5 1 3 1 5 3 5 3 3 1 1 1 3 1 3 3 3 3 169

Reliance upon information 1 3 5 3 3 3 3 5 3 3 5 5 5 5 5 5 3 1 1 3 3 5 3 3 3 5 5 3 217

Degree of outsourcing  3 3 3 3 5 5 1 3 1 5 1 1 3 1 1 3 1 3 1 3 3 3 3 1 130

Import and Export channels 5 3 3 3 1 3 3 5 3 3 3 3 3 5 5 3 1 1 3 1 1 3 3 1 139

Reliance upon specialty sources 3 1 5 3 1 1 1 3 1 3 5 5 5 5 1 3 3 3 1 3 1 3 3 3 3 3 3 1 144

Σ of all values in the columns 5 22 19 15 18 8 12 20 25 25 19 27 23 27 23 29 25 18 15 9 15 14 25 9 14 21 27 27 17

Visibility Adaptibility AnticipationCapacity EffeciencyFinancial strenght

Su
p

p
li

e

r 
/ 

C
u

st
o

m
e

r 

d
is

ru
p

t

io
n

C
o

n
n

e
ct

iv
it

y

 

Fig. 6 Relation matrix example - cut out 

capability factor measurable control measurement

Insurance insurance arrangement 20 000 000 €

Portfolio diversification monthly control of the revenue split among customers max. 20% revenue per one customer

Financial reserves and luquidity payables management 2 % of weekly sales outstandings

Price margin minimum margin set up 5 % per sale case

Financial strenght

group

 

Fig. 7 Example of Controls for Capability Factors and values of their measurements 

4. CONCLUSION AND FURHER RESEARCH 

From the above method we can get overview about relations between vulnerability and capability factors 

which are specific for assessment of particular supply chain. In another words it means that the does not 

exist general set of priorities for all logistics supply chains - each of them has to be assessed individually. 

Our objective is to design the method which is universal for the purpose of supply chain evaluation. The 

second step would be to develop tool which would be easy to use in the practical life. Last and not least step 

is to finalize full “resilience” house (Fig. 5). 

Every industry - steel and metal producing including to - needs to ensure safe and efficient material inbound, 

outbound flows and its storage. It requires safe supply chain with minimum risk to customer, high profitability. 

Both of this should positively influence business continuity. Safe means resilient with enough volume of 

agility. 
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Abstract  

The success of companies at the market is for several decades depended on the quality of the provided 

products and services. This quality cannot be achieved without functioning quality management system. 

ISO/TS 16949 standard, which includes the requirements for quality management system in the automotive 

industry whose suppliers are mostly metallurgical companies in Chapter 7.6.1 requires, that statistical studies 

must be performed in order to analyse the variability of all types of measurement and testing systems. The 

acceptability of the measurement system is currently assessed on the results of combined gage repeatability 

and reproducibility study (GRR). The most used methods for evaluation of GRR study are average and 

range method (A&R) and analysis of variance (ANOVA). The results of GRR analysis can be considerably 

influenced by interactions between parts and appraisers. Less used ANOVA which requires using of special 

software and its numerical results are difficult to interpret, is able to evaluate these interactions. More used 

A&R method, which use is much simpler, is not capable to evaluate these interactions. The occurrence of 

interactions can significantly affect the results of gage repeatability and reproducibility study and therefore 

also acceptability of the measurement system. For this reason it is necessary the influence of these 

interactions correctly evaluate and recognize. The aim of this paper is to analyse the possibility of 

identification of these interactions using appropriate graphical tools of measurement system analysis. It will 

be also analysed the ability of these graphical tools to reveal not only existence, but also the location of 

these interactions.  
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1. INTRODUCTION 

Reliably functioning quality management system is one of the key factors of success of organizations in the 

market. Such a system is based on right and fast decision-making at all levels of the organization. This kind 

of decision-making can only be made on the basis of quality and reliable data. In case of production process 

management, these facts include the measured data of all monitored parameters of quality. That is why 

metallurgical companies more and more often begin to verify the quality of the measured data through 

regular analysis of the used systems of measurement. Statistical studies verifying the quality of the used 

system of measurements can be performed according to several methodologies. VDA 5 methodology, which 

originated in German automotive industry, is less wide-spread. The procedures of this methodology are 

based on the evaluation of uncertainties in measurements, using the information from the GUM manual 

(Guide of Expression of Uncertainty in Measurement), which describes the evaluation of uncertainties in 

measurement in testing and calibration laboratories. The automotive industry suppliers, which mostly come 

from metallurgical and engineering industry, much more often use and apply the MSA methodology - 

Measurement System Analysis [1]. This methodology was created by a trio of American car manufacturers 

Chrysler Group LLC, Ford Motor Company and Generals Motors Corporation.  
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2. GAGE REPEATABILITY AND REPRODUCIBILITY STUDY 

Main principle of this study is the evaluation of the most important statistical properties of measurement 

systems, including stability, bias, linearity, repeatability and reproducibility. The most commonly evaluated 

combined repeatability and reproducibility of measurements (GRR) uses three methods. They are: 

 Range method 

 Average and range method 

 ANOVA (analysis of variance) 

The use of the simplest range method features a number of disadvantages, which is reflected in its minimum 

practical utilization and that is why our attention in this article will be focused on the two remaining methods.  

2.1 Average and range method 

Average and range method (A&R) is most commonly used for measurement system repeatability and 

reproducibility assessment in the practice. Required data are obtained by repeated measurements of product 

samples realised by various operators. With using defined procedure, which includes both numeric and 

graphical evaluation, repeatability (EV) and reproducibility (AV) are evaluated. On the basis of their values it 

is possible to calculate combined repeatability and reproducibility (GRR) according to the relation:  

                                                        (1) 

As criteria of measurement system acceptability the percentage share of GRR in total variation and number 

of distinct categories (ndc) are used. They are calculated with using relations (2) and (3).  
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GRR
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                                                               (2) 
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                                                                 (3) 

where: TV - total variation ( 
   22

PVGRRTV   )                                   (4) 

      PV - parts variation  

Measurement system is considered as fully acceptable in the cases, when %GRR value is lower than 10 % 

and at the same time ndc value is 5 minimally.  

2.2 ANOVA 

The last, fourth edition of the MSA manual lays even more emphasis on the evaluation of repeatability and 

reproducibility by means of the analysis of variance (ANOVA). In case of this method, the total variability can 

be divided into equipment variability (EV), operator variability (AV), variability between parts (PV) and the 

interaction between operators and parts (INT). The evaluation of GRR study using this method makes it 

possible to acquire more information than in case of the average and range method, as it also provides 

additional information on how much of the total variability is caused by the interaction among the individual 

operators and parts [4]. If this interaction is statistically significant, its value is recorded separately and the 

combined repeatability and reproducibility is calculated as follows: 

 

         (5) 

If the interaction is not statistically significant, it is assigned to the value of repeatability. ANOVA method can 

therefore detect much more accurate estimates of the variances, provided that the measurement errors are 

normally distributed. This assumption can be verified using suitable graphical tools presented in work [5]. 

   22
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The disadvantage of this method includes more complicated calculations of the individual elements of 

variability, which is why it is necessary to use a computer during its application. 

3. THE INFLUENCE OF OCCURRENCE OF INTERACTIONS ON THE RESULTS ACHIEVED 

When you compare formulas (1) and (5) used for calculation of the combined repeatability and 

reproducibility, it can be expected that the resulting GRR value will depend on the method used to evaluate 

the analysis, in the event of occurrence of statistically significant interaction among the operator and the 

measured parts. The way the occurrence of interactions is reflected in the numerical results of the analysis of 

repeatability and reproducibility of measurements, using both of the above described methods, was 

evaluated in detail in [3]. The influence of interactions on the results of GRR analysis was evaluated by 

gradual modification of real data obtained by repeated measuring of the nuts height performed by three 

operators [2]. 

The occurrence of interactions was simulated using increasing variability of the measured values caused by 

systematic alteration of outliers in measurement results. The values of one or two selected samples of 

operator A (both measurements of each sample) were gradually changed, while the variation range of the 

repeated measurements was always the same. The measured values of selected samples were gradually 

increased or decreased by a multiple of the standard deviation of repeatability, which had been set to 0.025 

mm. All the performed simulations are clearly shown in Fig. 1.  
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Fig. 1 The changes of the measured values for all simulations 

The results of all three simulations have clearly confirmed that the use of different evaluation methods of 

GRR analysis leads to completely different final values in case of the occurrence of interactions and thus, for 

example, to adoption of different decision regarding the acceptability of the whole measurement system. 

Maximum shift of values measured during each simulation in selected samples equalled twenty times the 

standard deviation of repeatability. When ANOVA method was used for all the performed simulations, there 

was a continuous increase of % GRR value, from the initial value of 17.09 % to values significantly above 30 

%, which indicates an unacceptable measurement system. During the first simulation, the unacceptability of 

the measurement system was reached when the shift of values was as low as by 8σ (the interaction was 

statistically significant from the shift of values of 2σ). During the second and third simulations, where the 

outliers were simulated only in one sample, the limit of acceptability was exceeded at the shift of 12 resp. 

10σ (the interaction was statistically significant from 2σ respectively 3σ).  

Sim. 1 

Sim. 1 

Sim. 3 

Sim. 2 
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On the other hand, when the analysis was evaluated using the average and range method of A&R, there 

was no change in the decision on the acceptability of the measurement system even at maximum possible 

shift of the measured values by 20σ. The simultaneous increasing and decreasing of the measured values of 

two samples from the middle of the production range (Simulation 1) did not bring any changes of the values 

of the final parameters. With minor shifts, gradual increasing of the measured values of the sample with the 

highest diameter (Simulation 2) even reduced the % GRR value, thus artificially improving the quality of the 

measurement system. Only during the third simulation, the value of % GRR was increasing from the smallest 

possible shift of 1σ. However, the rate of increase of this value is half of that in case of evaluation using 

ANOVA method. The results of the performed simulations have clearly shown that the effect of interaction 

between the operator and the measured samples can be substantial and it is therefore very important to 

identify the occurrence of these interactions in a quick and suitable way. Some graphical tolls of the analysis 

of repeatability and reproducibility of measurement may well serve this purpose. 

4. GRAPHICAL TOOLS OF GRR ANALYSIS 

MSA handbook itself provides several graphical tools used mostly to verify the basic assumptions, such as 

the verification of the statistical stability of the measurement process or the identification of the suitability of 

the measurements system used to evaluate the variability among the measured parts. The diagrams that 

could help us during the identification of the occurrence of interactions between the measured part and the 

operator include a combined diagram for an average, which is known as the interaction diagram, and a 

scatter plot. The average values of measurements of the individual parts performed by the given operators 

are entered in the first diagram. It is advisable to distinguish the measurements of the operators using 

different colours. The application of this diagram on the above described simulations can lead to a 

conclusion that this graphical tool is able to identify the occurrence of interactions caused by shifting the 

measured values of selected samples by 4σ and 6σ or more (Fig. 2). 
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Fig. 2 Combined average diagram for simulation 1   Fig. 3 Scatter plot for simulation 1 and shift 

and shift of 3σ        of 3σ 

 Another diagram that should be able to assess the occurrence of interaction between the part and the 

operator is a scatter plot, where the values of all measurements are entered and distinguished by colours 

according to the operators. However, with an increasing number of measured samples, operators, and 

repeated measurements, this diagram becomes less clear, which can be seen in Fig. 3 showing the scatter 

plot for simulation 1 and shift of 3σ. 

As you can see, the graphical tools described in MSA manual are not entirely suitable for the identification of 

the influence of interactions between the part and the operator on the results of GRR analysis. Their 

advantage is quite an exact identification of the place of interaction, because they allow identifying both the 

operator as well as the part/parts where the measured values are significantly different from the other 

measured values. Their major disadvantage is the inability to identify the effect of statistically significant 
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interactions caused by minor shifts of the measured values (2-6σ). Another disadvantage of some of the 

described diagrams is their lack of clarity. For these reasons, we are going to introduce several graphical 

tools that retain the advantages of the above described diagrams, while completely eliminating or minimizing 

their weaknesses.  

One of them is GRR diagram, where the results of the measurements of the individual operators are 

summarized in bounded rectangular areas. Each point in the diagram represents the difference (deviation) 

between the individual measurements of the given part and the overall average of all measurements of the 

part. The horizontal levels in the individual rectangles correspond to the differences between the arithmetic 

means of the measurements of all pieces performed by the individual operators and the overall average of all 

measurements. Fig. 4 shows this diagram for simulation 1 and shift of 3σ. Even with such a small shift, the 

GRR diagram is able to identify the shifts in the measured values in samples 3 and 8 measured by the first 

operator. Apart from the possibility of identification of interaction, the diagram can also be used for 

identification of additional properties of the measurement systems [5]. 

 
Fig. 4 GRR diagram for simulation 1 and shift of 3σ Fig. 5 Combined diagram of deviation from average 

for simulation 1 and shift of 3σ 

A combined diagram showing the deviations of averages of repeated measurements of the individual parts 

performed by the individual operators from the averages of repeated measurements of the individual parts 

performed by all operators was proposed as a suitable graphical tool allowing early and accurate 

identification of the occurrence of interaction between the part and the operator. The deviation values in the 

diagram are distinguished by different colours according to operators. The control limits calculated on the 

basis of the average range of the plotted deviations are added into this diagram. Thanks to these limits, one 

can roughly identify the effect of a statistically significant interaction between the part and the operator. All 

three simulations have exceeded the limits, thus signalling the occurrence of an interaction even with a 

measurement shift as low as by 3σ. It means that during the third simulation the interaction was identified 

exactly at the moment when the simulated shift was identified by ANOVA method as a statistically significant 

interaction between the part and the operator (Fig. 5). In the first resp. second simulation, this diagram has 

identified an interaction with only minimal "delay" of one standard deviation. A diagram constructed in this 

way is able to identify the presence of a statistically significant interaction between the part and the operator 

faster than any of the presented graphical tools of GRR analysis. 

5. CONCLUSION 

All the described simulations and experiments have pointed to the fact that a detailed analysis of the 

graphical outputs should be an integral part of the assessment of GRR analysis. If we evaluate the analysis 

of repeatability and reproducibility of measurements using the average and range method, the construction 
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and analysis of the graphs and diagrams presented above is necessary to verify and supplement the 

numerical results of the analysis, and in particular to identify the possible occurrence of interaction between 

the measured parts and the operator. GRR diagram has proved to be more appropriate for this identification 

as well, as the combined diagram showing the deviations of averages of repeated measurements. Both 

these diagrams allow clearer and faster presentation of the measured values suggesting a possible 

presence of a statistically significant interaction between the parts and the operator. That is why these 

diagrams should be constructed and analysed in addition to the normally used graphical tools assessing the 

variability of the measurement system. The identification of all possible sources of variability is essential for 

correct interpretation of the results of GRR analysis. The best possible understanding and interpretation of all 

the results of the analysis of repeatability and reproducibility of measurements is the most important 

prerequisite of effective and continuous improvement of the measurement system. 
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Abstract  

Ironmaking and steelmaking is always associated with waste production that presents for the entire 

metallurgical process either reversible and/or reusable material or lost waste not applicable in further 

production. At present the waste from iron- and steelmaking finds hardly applicability as secondary raw 

material. Evidence has been given that the low-temperature plasma could replace the existing routes of less-

suitable pyrometallurgical treatment of such waste that are therefore processed by hydrometallurgical route. 

As the metallurgical and technological features of this application are verified, its economy must be 

considered. The economical point of view of the metal-bearing waste is discussed by example of proper 

situation. The economical efficiency of that route can be in principle determined by comparison of the 

calculated costs with the price of ready product. On the basis of a complex examination of trial results this 

work provided evidence on metallurgical readiness and economical efficiency in implementation of plasma 

heating at processing of the metal-bearing oxidic wastes under conditions prevailing in the steelworks.  

Keywords: economical efficiency, profit and profitability, calculated and processing costs, metal-bearing 

oxidic waste, plasma heating 

1. INTRODUCTION  

On the basis of a complex examination of trial results this work provided evidence on metallurgical readiness 

and economical efficiency in implementation of plasma heating at processing of the metal-bearing oxidic 

wastes under conditions prevailing in the steelworks. [2,3,4] 

Ironmaking and steelmaking is always associated with origination of waste that presents for the entire 

metallurgical process either reversible and/or reusable material or lost waste not applicable in further 

production. At present the waste from iron- and steelmaking finds hardly applicability as secondary raw 

material. The majority of solid waste is deposited outside of plant as a dumping loss. For the reasons of 

economy and environmental protection such dumping loss should be recovered as much as possible 

otherwise such expensive waste depots additionally menace our surrounding world. [5,6] 

Evidence has been given that the low-temperature plasma could replace the existing routes of less-suitable 

pyrometallurgical treatment of such wastes that are therefore processed by hydrometallurgical route [1].  

As the metallurgical and technological features of this application are obvious then more light should be 

thrown into the economy. The economical insight into efficiency of the assumed processing of the metal-

bearing waste is dealt in detail with by example of a concrete situation at VHM, a.s. 

2. TECHNICAL AND TECHNOLOGICAL SOURCES 

We assume all the occurrence of metal-bearing waste available at the VHM,a.s. to be subjected to "plasma" 

processing in the modified melting unit with some 15-ton capacity. The field of charged waste is assumed 

some 60 % which means that about 9 tons of melt would be acquired from each heat. Processing of the 
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metal-bearing waste in this furnace would last for about 60 minutes. Here, four products are the possible 

outcome of melting, i.e.  

 metal with guaranteed chemical composition in liquid and solid state  

 liquid or solid steelmaking hot metal  

 solid foundry hot metal  

 solid special foundry hot metal called Sorel  

The different qualities of melt are reached by reasonable selection of the metal-bearing waste. 

3. PROCEDURE OF ECONOMICAL EVALUATION  

For the sake of proper economical evaluation the assumed calculation of the own expenses of the ready 

product should be compiled first. The assumed sum of the own expenses for ready product is then compared 

with its assumed market price. The obtained difference (profit or loss) shows the economical attractive 

feature of processing the metal-bearing oxidic waste.  

3.1 Proper evaluation of the economical benefit from waste processing  

The entire average volume of the metal-bearing waste at the VHM, a.s. (as per the actual occurrence in 

1998 and 1999) is reaching some 50 000 tons a year. The dust separated from the units such as the LF, the 

SL and the DH and/or the sludge from oxyvit route and from rolling mill cannot be economically processed by 

the orthodox technological procedures and thus, it is deposited. From the available documents is obvious 

that the relevant lump sum for "deposition" attains 420 up to 900 CZK/t and is of considerable significance in 

the economy of plant. The average "price" of the metal-bearing waste makes 162.4 CZK/t and the 

potentional customer of the VHM, a.s. has to pay for it.  

3.2 Compilation of the calculation of costs from processing the metal-bearing waste  

The first item of cost of this calculation is the proper metal-bearing waste whose utilization is assumed for 

some 60 %. Accordingly, one ton of product would require some 1666.7 kg waste. Then, the cost of waste 

with a price of 162.4 CZK/t would be 270.7 CZK/t. [1] 

Determination of the cost items arranged into processing costs  

Calculation of costs for the electric energy for "melting" is going out from the assumption that a plasma torch 

of an output of 15 MW would be installed at the melting furnace. With a melting time of 60 minutes and the 

weight of ready product the consumption of energy would reach some 1666.7 kWh/t. When considering the 

present-day´s price of electric energy of 1.6 kWh/CZK then the relevant specific cost would be 2666.72 

CZK/t. (When determining the costs for electric energy there is to note that under actual working conditions a 

considerale drop in consumption should be taken into account. In this respect the first experimental 

verifications show a consumption of some 1100 to 1300 kWh/t only.). The costs for the plasma-forming gas 

(nitrogen) are going out from an hour´s input of 36 Nm3, which with a price of 0.43 CZK/Nm3, attain some 1.7 

CZK/t. The occurrence of waste gas is assumed to be some 537 Nm3/t of ready product. The gas will be 

entrapped and utilized in the power-energy system. Then, such a credit note would attain 221.2 CZK/t.  

The total power system costs attain some 2447.2 CZK/t. To determine the expenses for the furnace lining 

one is going out from the costs for lining and from the average lifetime of lining of some 300 heats. The 

resultant cost will then reach 111.1 CZK/t. Calculation of expanses for ladle lining is going out from similar 

considerations. Thus, the relevant cost would reach some 182.5 CZK/t. In this respect the total lining 

expenses attain 293.6 CZK/t.  

The costs of graphite melting electrode are considered to be 100 CZK/t due to its negligible consumption.  
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The calculation of expenses for direct wages is going out from the assumption that in total 7 workers are 

attending the melting unit with the necessary handling operations, whereby the rough wage of a person 

would be 15000 CZK/month. Thus, the expenses for direct wages attain 989.4 CZK/t.  

For the sake of calculation of the depreciation allowances one has assumed the modification of the melting 

unit would require some 25 Mill. CZK. The building work should consume 4 Mill. CZK, the aspiration would 

need some 6 Mill. CZK and the proper installation work would consume some 2 Mill. CZK. The total capital 

expenses would so reach some 37 Mill. CZK. With a depreciation time of 15 years and with assumed annual 

production of 28020 tons the depreciation allowances would attain some 90.4 CZK/t. 

The total non-specified costs were assumed for 300 CZK/t. The total value of the s.-c. other costs 

(electrodes, wages, depreciation allowances and non-specified costs) would then reach some 499.5 CZK/t  

3.3 Evaluation of the calculation of costs compiled for ready product  

Table 1 Calculation of costs for processing metal-bearing waste  

 
Price 

Untils 

Price 

sum 
Amount 

Expenses 

CZK/t 

Expenses 

% 

Charge - metal-bearing waste CZK/t 162.4 1666.7 270.7 8 

Processing cost - Energy - electricity CZK/kWh 1.6 1666.7 2666.72 74 

             - nitrogen  CZK/Nm3 0.43 4 1.72 0 

             - waste gas - credit note  CZK/Nm3 0.412 -537.0 -221.2 -6 

             -  tota l     2447.2 68 

        Linings - furnace    111.1 3 

             - ladle     182.5 5 

             -  tota l     293.6 8 

        Melting electrode    100 3 

        Direct wages    98.4 3 

Depreciation allowances of melting unit    90.4 3 

Non-specified expenses    300 8 

Other expenses     588.8 16 

Processing costs in total     3329.6 92 

Own costs in total     3600.3 100 

 
Fig. 1 Structure of expenses for processing of metal-bearing waste 
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The calculated processing costs would reach 3329.6 CZK/t, the own expenses in total would attain 3600.3 

CZK/t. Thus, the processing costs refer to 92 %. The costs for the charging material attains 8 % only. The 

most significant item of the processing costs refers to the energy, i.e. 78 %, the other costs refer to 16 % and 

that for lining and for charge 8 % each (Table 1, Fig. 1). 

4. ECONOMICAL EFFICIENCY OF PROCESSING THE METAL-BEARING WASTE WITH 

APPLICATION OF PLASMA  

The economical efficiency of that route can be in principle determined by comparison of the calculated costs 

with the price of ready product.  

As mentioned above various sorts of ready products will be provided by reasonable selection of the metal-

bearing waste to be charged. [1,7] 

When determining the price for which the ready product will be sold to the customers, one has gone out from 

the existing price relations. From the viewpoint of production and economy metal with a guaranteed chemical 

composition in liquid state presents reasonable ready product, as its utilization for steelmaking seems to be 

rather attractive. This is due especially to its possible usage in a LF-unit or its usage as liquid charge for the 

EAF, the BOF and induction furnace. In all the examples cite here the economical effect would be favourable 

due to "acquisition" of the sensible heat of metal. If the liquid charge will be used at an EAF, then the 

economical effect will consists of the price of scrap (3200 to 3600 CZK/t) and at least of 50 % of the 

processing costs required for metal melting at an EOP (about 1000 CZK/t). Then, the selling price of metal 

will be 4500 CZK/t at least, see Table 2.  

Table 2 Economical effectivness of processing metal-bearing waste 

 Price 

range  

min       

(CZK/t) 

Price 

range 

max 

(CZK/t) 

Applied 

cista 

(CZK/t) 

Costs 

(CZK/t) 

Possible 

profit 

(CZK/t) 

Profitability

% 

Scrap with guaranteed chemical 
composition - solid state  

3200 3600 3500 3600 -100 -3 

Scrap with guaranteed chemical 
composition - liquid state  

  4500 3600 900 20 

Steelmaking  hot metal 4200 4500 4400 3600 800 18 

 solid metal 4500 4800 4700 3900 800 17 

Foundry solid iron 5500 6300 6000 3900 2100 35 

Foundry hot metal - Sorel 7500 8500 8000 3900 4100 51 

4.1 Possible achieved profit with the individual sorts of ready products  

In case of liquid metal with a guaranteed chemical composition the profit would reach 900 CZK/t and the 

profitability (profit referred to the costs) would be 20 %. In case of melting steelmaking hot metal the profit of 

900 CZK/t is reached, which refers to a profitability of 17 to 20 %. With the foundry hot metal and with Sorel 

the possible profit varies from 2100 to 4100 CZK/t and the profitability makes 35 up to 51 %.  

4.2 Evaluation of the achieved profitability and of profit  

The achieved profit varies within 545 and 4100 CZK/t and the profitability from 12 up to 51 %. These results 

provide explicitly positive answer about the economical suitability of processing the metal-bearing waste with 

the help of plasma heating.  
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5. CONCLUSION  

The economical efficiency of that route can be in principle determined by comparison of the calculated costs 

with the price of ready product. 

In case of liquid metal with a guaranteed chemical composition the profit would reach 900 CZK/t and the 

profitability (profit referred to the costs) would be 20 %. In case of meeting steelmaking hot metal the profit of 

900 CZK/t is reached, which refers to a profitability of 17 to 20 %. With the foundry hot metal and with Sorel 

the possible profit varies from 2100 to 4100 CZK/t and the profitability makes 35 up to 51 %. 

On the basis of a complex examination of wide trial results this work provided evidence on the metallurgical 

applicability and economical efficiency in implementation of plasma heating at processing the metal-bearing 

oxidic wastes under conditions prevailing in the steelworks.  
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Abstract  

The conventional route for steel production produces high emissions of greenhouse gases (GHGs). Biomass 

as alternative fuel can be applied in steelmaking to reduce GHGs emission. Biomass use in steel industry 

was discussed in this paper. Evaluation of three dimension of sustainability assessment of biomass use was 

presented. The social, environmental and economic dimension of biomass use in steelmaking was shown 

with life cycle approach. This paper adapted LCSA (life cycle sustainability assessment) methodologies to 

undertake an analysis of the sustainability dimensions of steelmaking technology. Additionally eco-efficiency 

analysis of biomass use in steelmaking was discussed.  

Keywords: sustainability, LCSA, eco-efficiency, life cycle approach, biomass, iron and steel industry  

1. INTRODUCTION 

According to the Intergovernmental Panel on Climate Change (IPCC) global CO2 emissions have to be 

significantly reduced by 2050. The iron and steel industry accounts for approximately 6.7 % of total global 

CO2 emissions. The greenhouse gas of most relevance to the world steel industry is CO2, as it makes up 

approximately 93 % of all steel industry GHGs emissions [1]. Replacement of fossil carbon by biomass is 

one of the effective approaches to reduce the GHGs emission intensity of the iron and steel making process. 

According to World Steel Association [1] CO2 emissions was 1.8 t CO2/Mg crude steel based on route-

specific CO2 intensities for three steel production routes: basic oxygen furnace, electric arc furnace and open 

hearth furnace; and weighted based on the production share of each route. Blast furnace process is the 

major GHGs emitting process in integrated steel mills. Recently research were concerned with environmental 

assessment of ironmaking [2,3], decreasing CO2 and dust emission [4-6], reverse system [7] and harmful 

elements assessment in iron production [8]. Primary research of biomass materials (sunflower briquettes, 

almond nut shells, hazelnut shells, rape straw, rape seed and charcoal) use in ironmaking were shown in the 

papers [9,10]. The aim of this study was analysed of sustainability and eco-efficiency of biomass use as 

alternative fuel in iron and steel industry. 

2. METHODS 

Life cycle sustainability assessment (LCSA) enlarges the scope of life cycle assessment (LCA) by integrating 

additional social and economic aspects into the decision making process with the aim to have more 

sustainable products or technologies [11-13]. LCSA integrates the three components i.e. conventional LCA, 

social LCA (SLCA) and life cycle costing (LCC), only a few attempts of such an integrated assessment have 

been made so far [11]. All three components include a goal and scope definition, an LCI phase and an 

interpretation phase [14]. Life cycle impact assessment (LCIA) has not yet been described for LCC. LCSA is 

defined as a sustainability impact assessment technique that aims to assess the environmental, social and 

economic aspects of products and their potential positive and negative impacts along their life cycle 

encompassing extraction and processing of raw materials, manufacturing, distribution, use, re-use, 

maintenance, recycling and final disposal. 

mailto:dburchart@gig.eu
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The eco-efficiency concept was first defined in 1989 by The World Business Council for Sustainable 

Development (WBCSD) as being achieved by the delivery of competitively priced goods and services that 

satisfy human needs and bring quality of life, while progressively reducing ecological impacts and resource 

intensity throughout the life cycle to a level at least in line with the earth’s carrying capacity [15]. According to 

ISO 14045:2012 [16] eco-efficiency is an aspect of sustainability relating the environmental performance 

(measurable results related to environmental aspects) of a product system (collection of unit processes with 

elementary and product flows, performing one or more defined functions, and which models the life cycle of 

a product) to its product system value. Eco-efficiency indicator is measured relating environmental 

performance of a product system to its product system value.  An eco-efficiency is a relative concept and a 

system is only more-or-less eco-efficient in relation to another system. Environmental assessment in eco-

efficiency evaluation shall be based on Life Cycle Assessment (LCA) according to ISO 14040:2006 [14]. 

Development of eco-efficiency and eco-effectiveness in steel industry in Poland was presented in [17]. 

3. RESULTS AND DISCUSION 

3.1. Sustainability aspects assessment of biomass use in steel industry 

Sustainability dimensions of biomass use as alternative fuel for steelmaking was listed in Table 1 and 

aspects of fossil fuels was listed in Table 2. Social life cycle assessment (SLCA) of alternative fuels was 

shown in [18]. Social aspects indicators were analyzed included land-use, employment, workplace health 

and safety. The scale effects of a shift to biomass technologies on land-use were significant. Biomass 

(charcoal produced from Radiata pine plantation forestry) alternatives represented a 3.84 % increase in land 

use compared to metallurgical coal. Production of pine plantation forestry in Australia would be required to 

increase by 67 % to accommodate the full substitution of coal (an additional 1.35 million hectares under 

plantation forestry). Biomass alternatives were significant generators of direct employment at that regional 

level (2.9x10-3 per Mg of steel for Pine biomass as compared to 2.66x10-4 for metallurgical coal). There was 

also a potential for employment created from processing by-products such as bio-oil from eucalypts and in 

particular biomass residues. However, sourcing energy from biomass was identified as having concomitantly 

higher rates of workplace injuries (6.28x10-5 per Mg of steel for pine compared to 3.23x10-6 per Mg of steel 

for coal). The supply of land of this magnitude presents a stern challenge given land-use conflicts associated 

with plantation forestry expansion. However, local level conflicts have manifest from the community health 

and amenity impacts, and subsidence effects associated with metallurgical coal mining despite the relatively 

less significant scale of land (5x10-3 hectares per Mg of steel) used [18]. 

Wood pellets were examined to support ironmaking from a life cycle analysis perspective [19]. Comparison 

of GHGs emissions in different ironmaking pathways (conventional ironmaking, charcoal bio-ironmaking and 

wood pellet bio-ironmaking) was presented. The functional unit of this analysis is defined as one Mg of hot 

metal produced. The total emission of the systems was expressed in g CO2eq/Mg HM based on IPCC 

method. The pathway charcoal bio-ironmaking process included in the analysis consist of the growth and 

collection of raw biomass material for pellet production, pelletization of raw biomass, pyrolysis/carbonization 

of wood pellets and the associated transportation of materials Results of the analysis showed that GHG 

emission in the carbon life cycle of bio-ironmaking via this pathway was 261.8 kg CO2eq/ MgHM (Mg of hot 

metal) compared to 1552 kgCO2eq/MgHM in the conventional blast furnace process. The high reduction, 83 

%, arises from the GHG neutral characteristic of renewable biomass materials. This would result in a 

reduction of GHG emission associated with Canadian hot metal production from 12 Mt/yr to 2 Mt/yr. The low 

charcoal yield in wood pyrolysis imposes the most significant technical challenge on bio-ironmaking. The 

charcoal bio-ironmaking pathway involved the collection of forestry residues as raw materials and their 

conversion into charcoal prior to long-range transportation. The use of side products or residues from 

forestry operation as raw materials leads to emissions associated with their growth and harvesting. The 

transportation of high-carbon density charcoal also lowers emission related to long-range transportation of 
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materials. As a result, the total emission of the charcoal bio-ironmaking process is 62.8 kg CO2eq/ MgHM. In 

the pathway wood pellet bio-ironmaking, raw materials are purposely grown for pellet production. Therefore, 

emissions associated with the growth of raw biomass materials and harvesting should be included, which 

significantly increases emissions associated with the collection and transportation of raw materials compared 

to the charcoal bio-ironmaking process. The carbon density of wood pellet was relatively low compared to 

charcoal [19].  

According to [22-24] wood chips is suitable biomass for ironmaking. Forest chip is cheap fuel and has 

increasing potential in the market. Depending on the fossil fuel substitution rate in blast furnace, needed 

wood amount could reach 3 million cubic meters [22,24]. The most studied bio-based reducing agent is 

charcoal. Depending on the raw material, charcoal production cost could be in the range of 370-530 €/Mg 

with charcoal production capacity of 30 000 Mg. Currently the prices of fossil reducing agents were lower 

than the ones produced from biomass. However the future carbon restrained world might make them more 

competitive. Task relating to evaluation of life cycle impacts of using biomass in ironmaking is still in progress 

[22-24]. Charcoal can be used as a alternative fuel for coke charge to smaller blast furnace (BF) due to its 

insufficient strength. Charcoal Powder Injection (CPI) was used in mini-BFs in Brazil at injection rates from 

100 - 190 kg/ MgHM [24,25]. 

Table 1 Compare of sustainability aspects of biomass use for steelmaking  

Biomass Category Indicator Amount Reference 

Charcoal 
(pine biomass) 

Land use Biomass production 1.97 x 10-1 hectares/Mg of steel 

[18] 
Employment 

Direct Biomass 2.6 x 10-3 per Mg of steel 

Indirect Biomass 2.8 x 10-3 per Mg of steel 

Direct Charcoal 2.95 x 10-4 per Mg of steel 

Indirect Charcoal 2.95 x 10-4 per Mg of steel 

Health and 
safety 

Lost time injuries 
(biomass) 

6.28 x 10-5 per Mg of steel 

Charcoal bio-
ironmaking 

IPCC Carbon footprint 62,8 kg CO2 eq/Mg HM 

[19] 
Wood pellet 
(bioironmaking) 

IPCC Carbon footprint 261,8 kg CO2 eq/Mg HM 

Biomass Cost 

Production cost 
Biomass cost (Australia) 

386 US$/Mg 
260 US$ 

[20] 

Production cost  
Biomass cost (Brazil) 

254.60 US$/Mg 
91.6 US$ 

[21] 

Wood logs 

IPCC Carbon footprint 0.0036 kg CO2 eq/MJ 

[27] 

Land use Land occupation 0.099 m2a/MJ 

Human health Human toxicity 0.040 kg 1.4-DB eq/MJ 

Wood chips 

IPCC Carbon footprint 0.0051 kg CO2 eq/MJ 

Land use Land occupation 0.069 m2a/MJ 

Human health Human toxicity 0.035 kg 1.4-DB eq/MJ 

Source: own analyses 
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Table 2 Compare of aspects of fossil fuels use for steelmaking  

Fossil fuels Category Indicator Amount Reference 

Metallurgical 
coal 

Land use Coal production 
5 x 10-3 hectares/Mg of 
steel 

[18] Employment 

Direct Coal 1.34 x 10-4 per Mg of steel 

Indirect Coal 2.7 x 10-4 per Mg of steel 

Direct Coke 1.3 x 10-4 per Mg of steel 

Indirect Coke 1.3 x 10-4 per Mg of steel 

Health and 
safety 

Lost time injuries 
(coal) 

3.23 x 10-6 per Mg of steel 

Coke 
Ironmaking  

IPCC Carbon footprint 1552 kg CO2 eq/Mg HM [19] 

Hard coal 
coke 

IPCC Carbon footprint 0.123 kg CO2 eq/MJ 

[27] Land use Land occupation 0.007 m2a/MJ 

Human health Human toxicity 0.041 kg 1.4-DB eq/MJ 

Source: own analyses 

The HIsmelt iron-making process could potentially be run on 100 % wood charcoal instead of coal in 

steelworks. Wood charcoal does not have the physical strength to support the iron ore burden in large BFs, 

but can replace all of the coke in small ones. Charcoal can also be fed into EAFs. But the sustainable 

production of charcoal from planted trees needs large amounts of land. Producing 500 Mt of hot metal 

requires over 40.000 hectares (400 km2). There is also the competition with land for food production and with 

other industrial users, such as the power generating industry, that will lead to increased biomass costs. 

These factors limit the role of biomass in CO2 abatement [26]. 

In this paper the percentage share of emissions of GHGs in the different stages of ironmaking pathways with 

coke, charcoal and wood pellets (Table 3) was carried out. 

Table 3 Share of GHGs emission of alternative ironmaking pathways, % 

Stages 
Coke 

Conventional ironmaking 
Charcoal 

Bio-ironmaking 
Wood Pellet 

Bio-ironmaking 

First stages  
0.90 

Coal mining 

32.32 
Residues 

collection and 
transport - 80 km 

55.08 
Harvesting and 

transport-115 km 

Transportation 
1.68 

(rail: 46km, barge: 434 km) 
65.29 

(truck: 1200 km) 

14.94 
(rail:180 km, 

vessel:890 km) 

Production 
8.57 

Cokemaking 
2.39 

Charcoal making 

29.98 
Peller production 

and pyrolysis 

Ironmaking 88.85 0 0 

Source: Own analyses based on [19] 

It was found that in the case of coke using the highest impacts of GHGs emissions occurs during ironmaking 

- in a blast furnace (88.85 %). In the case of charcoal using, the highest impact of GHGs is generated in 

transportation of charcoal (65.29 %). In the case of wood pellet using, the highest GHGs emission is at the 

stage - harvesting and transport (55.08 %). 
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3.2. Eco-efficiency of biomass use in steelmaking 

Eco-efficiency considers two aspects of 

sustainable development economic and 

environmental assessment. In order to 

eco-efficiency assess of biomass use in 

steelmaking it should be taken into 

account environmental and economic 

impact assessment indicators. The higher 

cost and environmental impacts cause the 

lower eco-efficiency indicator. In this 

paper environmental assessment 

(ecological fingerprint) of chosen 

conventional and alternative fuels for 

ironmaking was carried out. The system 

boundary was from cradle to gate of fossil 

fuels and alternative fuels production. The 

results could be useful to the steel 

producers and interested to compare the 

relative environmental impacts by different prospective fuels. The results of environmental LCA were 

expressed in different units. Therefore in order to comparative analysis of LCA, results were presented in 

relative values (Fig. 1). LCA analysis allowed obtaining the following conclusions: the highest carbon 

footprint and fossil fuels depletion had coke, however wood logs have the highest agricultural land 

occupation and wood chips had the highest energy demand of renewable, biomass. 

In the assessment of the biomass use should be taken into account not only the production system but also 

biomass preparation and transportation impacts associated with land use, greenhouse gases emission and 

other impact categories. For evaluation of the use of biomass, costs are derived primarily from the costs of 

transporting biomass. Supply cost is the significant determinants of eco-efficiency of biomass use in 

steelmaking. The price of the charcoal is critical factor for industry. In recent years, biomass became an 

attractive alternative source of energy to traditional fossil fuels such as coal and coke and potential of 

biomass use in steelmaking increase. It was demonstrated that biomass use in steelmaking is method to 

decrease of GHGs of steelmaking. Lower GHGs emissions and lower cost production of biomass compare to 

conventional fuel (coke) means that biomass has a higher eco-efficiency than conventional fuels. However to 

holistic eco-efficiency assessment should be taken into account the whole life cycle of biomass and 

conventional fuel as well as other categories related to biomass chain (land use, transportation, cost supply 

etc.).  

4. CONCLUSIONS 

In this paper biomass use in steelmaking was proposed as one of possibilities of replacement of fossil fuels 

to significantly reduce GHGs emissions from iron and steelmaking. Biomass can be used as alternative fuels 

in ironmaking - sinter plant and blast furnace. However biomass use should be evaluated accurately taking 

into account all aspects of sustainable development.  

Sustainability assessment of biomass use including environmental, economic and social aspects. In order to 

select the optimal alternative fuel for iron and steelmaking, should be evaluate three dimensions of 

sustainability (environmental, economic and social aspect), the properties and availability of biomass use. 

0

0,2

0,4

0,6

0,8

1
Non renewable, fossil

Carbon footprint

Human toxicityRenewable, biomass

Agricultural land occupation

Hard coal Anthracite Coke Wood logs Wood chips

Fig. 1 Ecological Fingerprint of chosen fuels for steelmaking 

Source: Own analyses based on calculations in SimaPro 

7.3.3 
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Supply cost and selection of environmental impact categories of biomass are the significant determinants of 

eco-efficiency analysis. Further research of eco-efficiency assessment of biomass use in steelmaking is 

essential. 

Further reducing the ecological footprint of steelmaking, promoting life-cycle perspective and further 

improving steel end-of-life are needed to make sustainable steel. 
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Abstract 

This article presents one of the largest smelters in Poland. It employs 1000 employees and turnover locate it 

among the 100 largest companies in Poland. So far, this smelter is part of the vertical integration of 

production within a large mining company. The company also has mines the extractive. In accordance with 

the EU directives and the new concept of the Management Board of the company, smelter has become a 

player involved in the recovery of raw materials from scrap. As a result, expect major changes in the 

organizational, economic, technological and environmental issues. The purpose of this article is to analyse 

these changes. Especially important research problem seems to be the construction supply chain in the 

reverse logistics. Moreover, an important issue is to define the principles of cooperation with business 

partners.  

Keywords: electronic scrap smelter, copper recovery  

1. INTRODUCTION  

High prices of copper and its growing consumption at global markets forces smelters to search for this raw 

material recovery methods, different from these offered by traditional mining. Most frequently it takes the 

form of copper scrap recycling. So far Polish smelters were obtaining copper from the generated scrap, while 

competitive companies, at the global markets, have already been recovering copper from electrical and 

electronic waste, which is economically justified since electrical and electronic waste recycling represents a 

cheaper form of obtaining this raw material. KGHM [Mining and Metallurgy Company Polish Copper] is 

planning to open the first, and so far the only, scrap smelter for copper recovery. The process of smelter 

commercialization mainly refers to: 

 changing the business model in terms of international cooperation at the electronic scrap market, 

 changing the technology of recycling scrap into raw materials, 

 new criteria and rules for the selection of PCB [Printed Circuit Boards] suppliers. 

The objective of the hereby paper is to present legal, organizational and technological determinants at the 

electronic scrap market in Poland. From such perspective the Author discusses the situation of the new 

market player - “Legnica” Copper Smelter. New markets entrance by the scrap smelter determines its 

commercialization, since this entity leaves the concern and brings its current knowledge and experience to 

the free and consolidated market. Additionally the Author presents the review of electro-waste collection and 

recycling organization in Poland. 

2. THE ELECTRONIC SCRAP TRADE MARKET IN POLAND  

The term “commercialization” is frequently identified with changes in ownership, which occurred in Poland as 

the result of economic system transformations. Their scope is regulated by the Act [1] which provides that 

commercialization refers to a state owned enterprise transformation into a one-person-Treasury-owned 

enterprise. It can constitute the first stage of indirect (capital) privatization, or be performed for a different 

than privatization reason, therefore with no intention of making stocks/shares available by the Treasury to 

the third party. Commercialization [2], [3] is defined as the wide spectrum of activities related to transferring 

mailto:urszula.bakowska-morawska@ue.wroc.pl
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certain technical or organizational knowledge, as well as the related know-how to economic practice. 

Therefore commercialization can be defined as the process of providing new technologies at the market. It is 

usually an invention, an organizational solution or takes the form of developed research results which initiate 

the process of commercialization. They open new technical and research possibilities, however, prior to 

commercialization they do not present any market value. This value changes following the implementation of 

an idea or technology in economic practice. 

The electronic scrap trade market in Poland is mainly regulated by the following legal Acts: 

 Act dated 29th July 2005 on electrical and electronic waste - WEEE [Waste of Electrical and Electronic 

Equipment] (Official Gazette No 180, item 1495, with later amendments) 

 Act dated 27th April 2001, Environment Protection Law (Official Gazette No 25, item 150) 

 Act dated 14th December 2012 on waste materials (Official Gazette of 2013, item 21) 

 Labour Code, Commercial Code and Civil Code. 

The main Act in force in the European Union, referring to the functioning of WEEE collecting systems, is 

represented by the Directive 2002/96/EC of the European Parliament and the Council dated 27th January 

2003, regarding waste electrical and electronic equipment (WEEE). The Act on WEEE forces entities selling 

electrical and electronic equipment on the market to establish an adequate system for WEEE collecting and 

recovering as well as recycling. However, for effective and efficient functioning of such system it is necessary 

for an adequate level of knowledge and motivation to be represented by all groups participating in the 

system. The construction of awareness regarding proper WEEE management and disposal is crucial in case 

of consumers, both individual and institutional, placed at the beginning of the chain where systemic relations 

are initiated. Consumers have to be aware of their rights and obligations resulting from the Act and be 

motivated strongly enough not to just throw WEEE to a trash container, but bring it to the designated 

collection points. It is the responsibility of any municipality to provide such collection centres to local 

residents. Even the best logistically prepared WEEE management system will not function properly if it is not 

supported by adequate civic and ecological awareness, as well as the resulting desire for undertaking due 

actions. The waste of electrical and electronic equipment is passed over for processing and submitted for 

dismantling, while the obtained materials are subject to recovery and recycling. Selective collecting, 

dismantling in specialized WEEE recycling plants and the disposal of hazardous substances protects natural 

environment from contamination. On the other hand, the recovery of raw materials and their usage in new 

equipment manufacturing extensively reduces the level of natural resources usage and also results in cutting 

technological costs. 

The system of electrical and electronic waste equipment trading (Fig. 1) identifies groups of entities 

responsible for meeting due obligations resulting from the legislation in force in Poland: 

 entities entering equipment to the market (manufacturers and importers), 

 organizations recovering electrical and electronic waste, 

 electrical and electronic equipment users, 

 entities involved in WEEE selective collection (including retailers and wholesalers of electrical and 

electronic equipment), 

 recycling plants and entities dealing with such waste recovery and recycling, 

 entities engaged in buying scrap or equipment repair points, 

 institutions responsible for due obligations monitoring and controlling. 

In Poland, as of 31st December 2011, the following entities were registered: 

 4597 entrepreneurs running businesses engaged in entering electrical and electronic equipment to the 

market, 

 10458 entrepreneurs involved in collecting waste equipments, 

 161 entrepreneurs running recycling plants, 
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 99 entrepreneurs conducting recycling activities, 

 12 entrepreneurs performing operations different than recovery processes recycling, 

 8 organizations active in electrical and electronic equipment recovery [4]. 

The model presented in Fig. 1 illustrates a simplified version of model functioning - information flows are not 

marked. The Author has assumed, following an extensive simplification, that information flows between due 

cells together with the transfer of goods and money. Polish system is still deprived of a computerized 

strategy for providing information about the subsequent stages responsible for waste equipment life cycle. 

The presented system refers to waste equipment recycling, in which the share of copper is the largest and 

additionally the Recycler recovers copper only. In such situation it is suggested to apply a closed recycling 

loop. Within the framework of the above recycling type the Author suggests two operating models to be used 

at the market of copper recycling and recovery: 

 integrated activities, the recycler and the processing plant represent the same entity, 

 individualized activities where the recycler and the processing plant represent separate entities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Closed chain of electrical and electronic equipment supply for copper recovery 

Source: Author’s compilation 
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chain in the area of information, goods and services flow, but most of all an impact on the quality of the 
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to a lesser extent, programmers. In Poland the following streams of electro-waste are identified, the division 

of which regarding copper content level and importance for a scrap smelter, is presented in Table 1. 

Table 1 PCB identification in electro-waste 

Types of PCB from which 

copper can be recovered 

according to importance 

level for the scrap smelter 

Name of the introduced equipment group which generated 

waste 

A Class IT and telecommunications equipment 

B Class  

Large household appliances 

Small household appliances 

Audio-visual equipment 

Toys, leisure and sports equipment 

Automatic dispensers 

C Class  

Electronic and electrical tools, excluding bulky, stationary 

industrial tools 

Monitoring and control instruments 

Source: Author’s compilation on the basic of Act dated 14th December 2012 on waste materials (Official 

Gazette of 2013, item 21) 

In order to perform better monitoring of WEEE Act guidelines implementation the division of electrical and 

electronic equipment into 10 categories was introduced of which some are listed in Table 1. 

However, the division of each stream into particular types of equipment is still missing. While it is easy to 

count mobile phones and computers currently launched at the market, it turns out impossible to count waste 

equipment which entered the market before WEEE Act was passed. 

The scrap smelter is mostly interested in mobile phones and personal computers since they provide the 

largest amount of copper. The underlying data are presented in Table 2. 

Table 2 The composition of raw materials recovered from waste equipment recycling 

Type and amount of waste 

equipment 

The composition of raw materials recovered from waste 

equipment recycling 

From a computer and monitor 

weighing 27 kg the following can 

be recovered: 

6.8 kg of glass, 

6.2 kg of plastic,  

about 5.6 kg of steel,  

about 3.8 kg of aluminium,  

about 1.9 kg of copper,  

1.7 kg of lead 

From waste in the form of one 

million mobile phones the following 

can be recovered: 

34 kg of gold,  

350 kg of silver,  

15 kg of palladium, 

15.87 tons of copper 

Source: http://www.zsh.edu.pl/dodatki/es/info.html 

The production of electrical and electronic equipment (EEE) is one of the fastest growing businesses in the 

world. In the meantime, both technological innovation and market expansion of EEE are accelerating the 

replacement of outdated EEE, leading to significant increase in waste EEE (WEEE) that induces a new 

environmental challenge. In Western Europe 6 million tons of WEEE were generated in 1998 and the 

amount of WEEE was expected to increase by at least 3-5 % per annum [5]. In the USA, it was observed 

that over 315 million computers would reach their date of expiration by 2004 [6]. In Australia there are 

approximately 9 million computers, 5 million printers and 2 million scanners currently used in households and 

businesses and all of them will be replaced, most within the next couple of years [7]. 

http://www.zsh.edu.pl/dodatki/es/info.html
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Computers and mobile phones represent the devices which contain the largest amounts of copper. 

Obviously, PCB are delivered to a scrap smelter, but the remaining stuff is left in recycling plants which direct 

waste streams to other recyclers. 

3. CASE STUDY- EXPERIMENTAL PART 

“Legnica” Copper Smelter represents the discussed research object which is planning to implement new 

solutions of technological and organizational nature. 

This process can be divided into key areas which require the involvement of top management for the 

successful implementation of an overall project: 

 technology selection is determined by environmental legislation and capital availability, 

 market functioning strategy (business model) defining the scope of carried out functions within the 

framework of a reversed supply chain, 

 organization structure transformation and establishment of new organizational units adjusted to the 

accepted business model, 

 changing and adjusting staff competencies to the new functioning conditions. 

“Legnica” Copper Smelter, since its establishment, has been implementing changes adjusted to 

technological advancement and global manufacturing standards, especially in the area of environment 

protection. The crucial events which occurred in this plant are presented in Table 3. “Legnica” Copper 

Smelter is a self-balancing entity without legal personality and constitutes a part of KGHM group. KGHM 

Polish Copper Joint Stock Company is a multi-division enterprise consisting of Management Board Office, 

Accounting Services Centre and 10 divisions: 3 mining plants (MP) (“Lubin” MP, “Rudna” MP, “Polkowice-

Sieroszowice” MP), 3 copper smelters (CS) (“Głogów” CS, “Legnica” CS, “Cedynia” CS), Ore Enrichment 

Plants, Tailings Management Plant, Emergency Rescue Unit, Data Processing Centre. 

Table 3 Important events for “Legnica” Copper Smelter 

Year Important events 

1951  “Legnica” Copper Smelter was founded at the name of Legnica Metallurgical Plant 

1959 Legnica Metallurgical Plant transformation into “Legnica” Copper Smelter  

1970 “Legnica” Copper Smelter was included in the Copper Mining and Metallurgy Company 

1990 
Registration of “Legnica” Copper Smelter brand at the London Metal Exchange at the 

highest quality grade “A”. 

1991 
The Company transformation into a joint stock company and new entity registration 

under the name “KGHM Polish Copper Joint Stock Company” 

1997 Debut on the Warsaw Stock Exchange 

1999 

“Legnica” Copper Smelter implements standards confirmed by the certified Quality 

System issued by the Polish Centre for Testing and Certification and also The 

International Certification Network 

Currently “Legnica” Copper Smelter uses shaft furnace technology and produces annually over 100 

thousand tons of high quality electrolytic copper in the form of cathodes weighing 100 kg and 15 - 20 

thousand tons in the form of billets. Its production constitutes, on average, 25 % of all 3 smelters included in 

KGHM. 

“Legnica” Copper Smelter has the Certificate of Integrated Management System meeting the following 

standards: PN-EN ISO 9001:2009; PN-EN ISO 14001:2005; PN-N-18001:2004; OHSAS 18001:2007 

regarding the production of copper cathodes, round billets of electrolytic refined tough pitch copper, round 
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billets of phosphorous deoxidized copper, sulphuric acid, copper sulphate, nickel sulphate, refined lead as 

well as monitoring and measurement of natural environment impact and usage. 

KGHM is planning to construct a smelter in Legnica specializing in re-melting scrap, also the electronic one. 

It would be the only smelter of this kind in Poland which could recover copper from scrap. The plant is to be 

established in Legnica and replace the existing smelter which is already quite obsolete. Old shaft furnaces 

are planned to be closed. The new scrap smelter is supposed to be opened in 4 years time. Its production 

powers are to be bigger than these of “Legnica” Copper Smelter which currently produces a little over 100 

thousand tons of copper. The new plant would have the capacity for producing about 135-200 thousand tons 

of this raw material. Production value - at current prices presenting the level of $ 8260/ton - may increase 

even by $ 875 million, up to $ 1.75 billion. 

KGHM owns three smelters - in Legnica, Głogów and Cedynia. They process 110-140 tons of waste 

annually which makes up one fifth of the entire copper production in KGHM. 

In 2000 “Legnica” Copper Smelter recycled 19.5 thousand tons of copper scrap, while last year it was almost 

three times more and amounted to 56 thousand tons. 

Copper scrap based production constitutes half of the total production and in the period of the recent three 

years the production from scrap increased in “Legnica” Copper Smelter by over 60 %. Additionally, in 2012 

the smelter production capacity was enlarged up to 110 thousand tons of cathodes annually. In 2011 61 % of 

input for “Legnica” Copper Smelter was the, so called, concentrate supplied by KGHM. Copper scrap made 

up 37 %. However, the smelter was gradually increasing the share of scrap - in 2000 it recycled 19.5 

thousand tons and last year 56 thousand tons. Therefore over half of “Legnica” Copper Smelter production 

comes from recycling. Experts are absolutely positive that the role of scrap in producing copper will keep 

growing. 

The capacity for copper scrap production is presented in Table 4. Following the implementation of new 

technology and copper scrap recycling, which is generated by waste electronic equipment, this capacity is 

supposed to increase to the level of 150 thousand tons annually. Such result will place “Legnica” Copper 

Smelter among the two large players at the Central European market. 

Table 4 The capacity for copper scraps production 

 The volume of recycled 

copper scrap (Mg/year) 

Manufacturing capacity 

(Mg/year) 

(%) share of recycled scrap 

against manufacturing 

capacity 

2000 19.5 80 24 

2012 56 110 51 

2016 100 -130 135-200 65-85 

Source: Author’s compilation based on data collected during an interview 

“Legnica” Copper Smelter is challenged by its business model transformation. The sector is highly 

consolidated while entities offering similar services in Germany (Aurobis) or Boliden in Sweden have 

extensive experience in this matter. One of the most important challenges to be faced by “Legnica” Copper 

Smelter is specifying cooperation rules with scrap suppliers, even more so since the expectations regarding 

the amount of delivered PCB are high (Table 5). Cooperation with just one and owned company will turn out, 

in a long time perspective, an ineffective activity. The smelter will have no choice, which is against market 

rules. 
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Table 5 Averaged copper scrap recycling capacity in 2012 

Manufacturing capacity of copper scrap recycling plants 

“Legnica” Copper Smelter - Poland Boliden - Sweden Aurobis - Germany  

110 100 250 

Source: Author’s compilation based on data collected during an interview 

Currently “Legnica” Copper Smelter functions based on concentrate supplies (61 %) and copper scrap 

(39 %) carried out by enterprises included in KGHM group. “Metrako” plant meets all needs of the smelter. 

The share of the second supplier “Centrozłom” is relatively small (3 %) which makes it of secondary 

importance among copper scrap suppliers. 

The situation may change drastically when the smelter decides to recycle and/or recover copper from 

electro-waste. Then, as the major electrical waste market player aiming, on average, at 10 tons monthly of 

recycled crap, which means 100 thousand ton gross weight of waste computers, programmers, etc., has to 

be clearly defined regarding functioning rules and cooperation with suppliers. E.g. Boliden segmented its 

suppliers into these providing only concentrates and recycled materials. Boliden buys metal concentrates 

from its own mines and cooperates with 20 suppliers who deliver recycled materials. Electrical scrap is 

supplied by over 100 enterprises. 

4. CONCLUSIONS 

The analysis of professional literature and secondary materials allowed the Author to present the following 

conclusions: 

 Copper scrap market finds itself in the growing phase which means high interest in entities focused on 

electro-waste collection. 

 Electrical and electronic waste equipment organizations represent, to an extent, the animators of the 

entire WEEE cycle. They take over, from entrepreneurs bringing electrical and electronic equipment to 

the market, all the obligations defined in the WEEE Act. Therefore, on their behalf they organize 

collecting, processing, recover, recycling and disposal of waste equipment. They are responsible to 

perform these duties before the Chief Inspectorate of Environment Protection by means of presenting 

adequate periodical reports. 

 The Act on electrical and electronic waste equipment does not prohibit entities from combining 

separate functions in WEEE flows chain (reverse supply chain). In practice it often happens that 

enterprises join different types of activities, e.g. the function of a processing plant and a recycler. 

However, once combing the function of a transporting entity, i.e. an entity allowed to transport WEEE, 

with the function of a collecting, or recycling plant can be justified, combining other functions may 

become the source of the whole system dysfunctions. 

 “Legnica” Copper Smelter has a large competitive power, since as a scrap smelter it is attractive for 

other entities functioning in WEEE cycle. The absence of scrap suppliers to the smelter should not 

pose any major concern. It seems more important to construct an adequate screening system for 

suppliers who may deliver an improperly processes product. 

 There is an urgent need for organizing conferences and educational meetings to illustrate the way in 

which the system of copper recovery from electro-equipment functions, because landfills full of such 

equipment are extremely hazardous for the environment and at the same time the most expensive to 

recycle. 

 “Legnica” Copper Smelter commercialization also means the form of education for people whose 

awareness of hazards posed by electro-waste is low. The smelter has to ensure permanent and 

ongoing supply of scrap, which depends on consumers’ involvement. 
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 It is highly necessary to obtain information regarding how much and what amount of equipment is kept 

in households, companies or all kinds of storages. 
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Abstract  

Heating of material in continuous reheating furnaces is often accompanied by uneven betting material to the 

furnace, which has an effect on the resulting parameters of the heated material. Too long heating leads to 

the exceeding of optimal temperatures and operating inefficiency, too short heating leads to insufficient 

heating of the material. Deviations from the standard set of parameters hot material may occur with 

subsequent further processing in successive forming technologies. To determine the optimal heating of the 

material in the furnace is a complex and difficult task. The aim of the article will examine possible modes of 

heating in a continuous furnace with respect to establishing the criteria of heating in order to optimize heating 

process. 

Keywords: heating, furnace, model, optimal control, simulation 

1. INTRODUCTION 

A heating of materials is a common technological process. In the process of metallurgical production this 

operation is particularly common in hot rolling mills. The whole area of metallurgy is characterized by a high 

energy consumption. Therefore, even in heating furnace segment it is true, that even a small percentage of a 

reduction of an energy consumption can lead to very interesting economic benefits. These savings can be 

achieved in several ways. Below it will be shown only one possible way leading to savings and to an 

optimized control of own heating unit. In rolling mills, when the heating process is dictated by the rhythm of 

the rolling mill work, the control of heating furnaces must solve a complex task together with the whole 

technology of a rolling line. The part of the proposal optimizing of a heating furnace control is a rigorous 

evaluation of a furnace operation during its normal operation. Data from this operation forms the basis of the 

optimum control. It has several purposes: to verify models of heating materials, to select of appropriate 

operational models of heating, to set parameters of the dynamic model behaviour of the furnace technology. 

These data necessary for the creation and generally the verification of the model is obtained using data 

mining methods. As a mathematical-physical model of an optimization of heating can be used the model built 

upon the idea of the Pontragin’s principle of maxima. Using the operating data an example of verification of 

heating material in a continuous furnace and potential contribution of optimal control will be shown. 

2. MATHEMATICAL - PHYSICAL MODEL AND DESCRIPTION OF THE PROCESS OF HEATING AS 

A DYNAMIC SYSTEM 

The technology of the heating furnace can be divided into several parts:  

the transport of heated slabs in the furnace during heating; the furnaces heating system; the process of heat 

transfer from the furnaces atmosphere to the heated slabs; the heat transfer from the surface of the slab 

inside the slab and heating of the material of the slab. For mathematical and physical description is based on 

the common theoretical combustion gas temperature, theoretical calorific value of gas, the amount of heat 

contained in preheated air. For models of two factors are important: a relationship between the power the 

furnace and slab surface temperature; a relationship between the temperature of furnace environment and 

mailto:ivo.spicka@vsb.cz
mailto:milan.heger@vsb.cz
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the surface temperature of the slab. Optimality criterion of the fuel consumption can be constructed so that of 

the relationship between the mean temperature of the material and the fuel consumption for heating is 

described. 

  ηQtTttTcmtIttI  )()()()( SS , ¨      (1) 

where: I is the enthalpy [J], t time [s], ∆t is the increment of time, m is the weight of the heated material [kg], c 

mean specific heat capacity [J kg-1K-1], the mean temperature of the material [°C], η is the efficiency of 

heating, Q is the heat supplied to the furnace, thus its input [J]. 

The relationship between the system and heating efficiency can be determined only with difficulty. In [1] and 

[4] is described the relationship between the specific consumption and the temperature of the surface of the 

material in the form of a transfer function of the first order. Relationships using the variable p are images in 

the Laplace transform. 
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where: T(S, p) is the image of the material surface temperature [K], Ky is the coefficient indicating how much 

of the total amount of heat is distributed to a place in the oven measuring coordinate y. A is the amplification 

of this system [kg K W-1], τris the transfer time constant [s], Qcp(p) is the image of the specific power 

consumption [W kg-1]. 

2.1  Transportation of heated slabs in the furnace 

Common slab heating furnaces have slabs placed at certain predetermined locations in furnaces. The 

number of these positions is up to several tens. In the text below it will be considered the furnace with by 

positions. The first position is the inlet position; the last 56th position is the outlet position. As it was 

mentioned in the introduction, the material shift from one position to the next position is determined by the 

rhythm of rolling. Slabs always remain in the designated position some time and after removing the heated 

material from outlet position the step of a furnace may occur when slabs shift one position toward to the 

furnace outlet. Despite the fact that their motion is irregular, we consider the movement of slabs as a fluent 

motion from the oven inlet to its outlet. 

2.2  A furnace heating system. 

A furnace heating system burns the heating medium. Furnace combustion burner burn heating mixture of a 

gas with usually preheated air using more or less optimal ratio of combustion. The burners are located in 

different zones of the furnace. The inlet area usually is not heated. A common method of heating and 

movement of material is counterflow, material moves opposite the direction of movement of combustion 

gases. This fact is very relevant in the sense that if power consumption is increased in any of the zones at 

the end of the furnace, the temperature rises not only in this area but in all zones that lay back from this 

area. The temperature of furnace atmosphere is measured by thermocouples. 

2.3  Heat transfer from the surface of the slab inside the slab 

The behaviour of this system can be described by a simple transfer of the first order. To determine the 

degree of heating of the material is possible to use the mean temperature of the material. The relationship 

between surface temperature and the mean temperature of the material is once again given by a simple first 

order transfer function. 

From the above description would suggest that the behaviour of systems described by simple equations for 

proportional integral system of first and second order, the solution is easy. But the problem is that the 
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dynamic behaviour of the system depends on the temperature of the heated material. Thermo-technical 

properties of steels vary significantly in the temperature range, which reaches the material in heating 

furnaces. A change in these parameters, which are the specific heat capacity of steel, thermal conductivity, 

specific density and coefficient of thermal expansion, leads to the changes in the time constants. 

3. THE POSSIBILITIES OF MODELING OF HEATING. 

For the modelling of the behaviour of dynamic systems the Matlab and Simulink serve well. Based on the 

selected operating data of reheating furnace the identification of the dynamic behaviour of systems was 

made, i.e. the determination of their time constants was made. For a description of the dynamics behaviour 

of system power of the furnace - the furnace environment temperature changes and the surface slabs 

temperature changes amplification A ,factor yK , time constant r and specific power cpQ were calculated. 

To evaluate the economy of heating burn is an important parameter consequently surface oxidation of 

heated steel. To calculate the relation for specific surface burn the dependence on the surface temperature 

of the material can be used in the form.  
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In accordance with the reality at the beginning heating we consider zero mass scale. The values of 

coefficients are 76233K [
142

sKmkg


] and 17057B [
1

K


] [1], [2]. An oxidation process may be 

solved using artificial intelligence, too. [3], [4]. 

4. THE MODEL STRUCTURE 

Major block structure of the model is shown in Fig. 1. 

The meaning and features of inputs, outputs, signals and blocks is as follows. Current simulation time 

Sim_time is an input signal of the block Position, which of the current simulation time determines the position 
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Fig. 1 Major block structure of the model 
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of the simulated material in the furnace. Indication of the position of the input block T_furn that is based on 

the current position determines the temperature in the furnace above the designated point. This value is 

passed to the output of its T_furn. 

The block T_surf provides calculation of the surface temperature T_surf using signals T_furn and Position. 

From the surface temperature T_surf the block T_surf_T_mean determines the mean temperature of the 

material T_mean_burn, and the block T_surf_Spec_burn calculates the specific surface burn Spec_burn. 

Based on the temperature in the furnace T_furn and the current position Position block T_furn_Qcp 

calculates instantaneous specific fuel consumption and integral specific fuel consumption from the start of 

heating. Another case of using simulations is described in [5]  

5. THE PURPOSE AND RESULTS OF SIMULATIONS  

The purpose of described above model is the verification optimal heating strategies for the walking beam 

furnace. Here only the selected simulation is shown. Characteristics of the different simulations are 

summarized in the Table 1. Time of heating is 18000 s. 

Table 1 Temperatures in zones (°C) 

Sim. No. Zone 1 Zone 2a Zone 2b Zone 3a Zone 3b Zone 4a Zone 4b Zone 5a Zone 5b 

1 300 400 400 1100 1100 1320 1320 1260 1260 

2 300 400 400 900 900 1320 1320 1260 1260 

3 300 600 600 900 900 1320 1320 1260 1260 

4 300 724 779 900 900 1320 1320 1260 1260 

5 599 724 779 820 820 1320 1320 1206 1206 

6 599 724 779 820 820 1251 1251 1260 1260 

7 599 724 779 820 820 1320 1320 1260 1260 

8 599 724 779 900 900 1320 1320 1260 1260 

The table shows that the simulation focused on three method of heating: 

 a slow heating with subsequent fast heating; 

 a medium heating with faster heating rate in the middle of the furnace; 

 a fast heating with the reducing the heating temperature at the end. 

Specific objectives are total specific fuel consumption, specific burn, reaching the target surface temperature 

and the mean temperature of the material. 

  

Fig. 2 Specific fuel consumption Fig. 3 All over specific fuel consumption 

Fig. 2 shows the progress of immediate and specific fuel consumption and Fig. 3 shows summary specific 

fuel consumption, i.e. specific fuel consumption from the beginning of heating. Data 1 corresponds with the 

simulation No. 1, simulation Data 2 with the No. 2, etc. 
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Fig. 4 shows a plot of the specific burn during heating.  

  

Fig. 4 Time dependence of the specific burn Fig. 5 Temperatures of the furnace, surface 

temperature of material and mean temperature of 

the material 

In the Fig. 5 the temperature of the furnace environment furnace t above the slab, the surface surface t and 

the mean temperature mean t are shown. For clarity they are shown only simulation waveforms for No. 2 

and No. 6 simulations here. 

For the evaluation of the optimality of the course of heating conditions are taken at the end of heating time. 

Fig. 6 shows the reached temperature of slabs; the mean temperature T mean, surface temperature T surf 

and the temperature of the furnace environment T furn at the end of the furnace [6]. 

Fig. 7 shows a summary of specific consumption for heating Sum of spec. consumption and total burn 

Specific burn and value of C * B, which is the product of specific burn and specific consumption, which 

determines the profitability of the particular strategy of heating. Multiplication of both criteria leads to more 

easily to determine the optimal strategy. 

  

Fig. 6 The temperatures at the end of heating Fig. 7 Finished values of the specific heat and burn 

and its multiplication 

6. CONCLUSION 

Designated space does not allow summarize the overall optimization problems of continuous heating 

furnaces. The presented results are based on validated models that have been verified on real operational 

data. The results demonstrate that the preferred modelling method of the thermal processes in continuous 

furnaces is sufficiently accurate to be able to evaluate different strategy of heating. 

As mentioned earlier in the introduction, the operation of these furnaces strongly influenced by subsequent 

operation of the technology that determines the performance of the furnace. Here chosen simulations were 

performed just for one rate of heating. However optimization algorithms must be able to choose as a strategy 
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for various heating rate of the material, as well as irregular operation of the furnace, where the passage of 

material through the furnace stops for a shorter or longer time [7]. Here it is necessary to look for a strategy 

responding to the power the furnace, to a furnace environment temperature, so that at the end of downtime 

and subsequent smoothly furnace work to reach required parameters of the heated material on the one 

hand, and to minimize losses and fuel consumption during downtime on the other hand. 
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Abstract  

In this paper will be described an analysis of control problems and technical lifetime modelling of continuous 

casting device crystallizers. A full exploitation of continuous casting equipment (CCE) advantages can only 

be achieved through a control system that minimizes all undesirable effects on the technological process. 

Some of the undesirable effects influencing the CCE process effectiveness are the failures and service 

interruptions. The failures and service interruptions are caused by a number of factors, impacts and 

processes that effect and run directly on the equipment in its individual parts during its operation. 

Keywords: Continuous casting, crystallizer, model, wear, control 

1. INTRODUCTION 

Lifetime technical objects, in particular molds is one of the fundamental properties of an object that indicates 

how long the object should perform a required function to achieve the prescribed limit state of maintenance 

and repairs. The solution is used standard EN 61649:2008 Weibull analysis. Crystallizers are a special 

device that removes excess heat from the liquid steel and forcing her to pour in the profile shape of the 

device. The mold is cooled steel coating, resulting in a rigid container with a liquid core, which then supplies 

the output from the mold. This process is associated with many adverse effects, such as wear of the walls of 

the crystallizer. Status of internal walls of the device is a very important variable that must be carefully 

monitored. Excessive wear of mold wall leads to inadequate removal of excess heat and is susceptible to the 

occurrence or undesirable thermal cracking caused tension in the surface layer. Technical diagnostics of 

surface mold is very time consuming process that requires a shutdown and mold removal. 

2. LIFETIME OF TECHNICAL OBJECTS 

Life is a property of the object, 

which is expressed by its ability 

to perform the required functions 

to achieve the ultimate state at a 

prescribed set of maintenance 

and repairs. Life is mostly 

measured on a time or to 

subsequent recurrence. 

Significantly affects the life of 

the way the product is used 

(production loading, environ-

ment, etc.). Lifetime technical objects are divided into several areas: technical; projected; fatique; calculation; 

total; residual.[4] 
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2.1. Life of molds 

In general, the calculated life of the carpeting of molds cast steel, casting steel weight or number of heats 

cast. Technical condition of of molds directly affects the amount and type of billet surface defects.  

The main influences include the life of the mold: 

 in small sections is due to higher mold casting speed to faster wear; 

 curved crystallizers achieve shorter life eccentric due to the impact of current casting mold and 

enhanced mechanical abrasion on the bottom of the crystallizer; 

 the characteristics and quality mold material; 

 speed casting; 

 properties used casting powder; 

 other operating factors (Burns, casting temperature, etc.). 

2.2. Standards 

Generally, standards are defined as a rule or directive, the maintenance is binding. Technical standards 

define us exactly what the desired properties, shape, but also the characteristics generally used technical 

terms we have retained for their fulfilment. 

The importance of standards:  

 consumer protection; 

 it is the communicative function between the manufacturer and the customer, but also between 

producers nationally and internationally; 

 introduction of symbols and codes for the improvement of both international trade and thereby 

overcome the language barrier; 

 economic improvement. 

2.3. ČSN IEC 61649 Weibull Analysis 

This standard is the Czech version of the European standard EN 61649:2008. By 1 10th 2011 replaced the 

standard IEC 61649 (01 0653) of April 1999, which applied in parallel with the standard by that date. 

Currently, this second edition of the standard, which cancels the original version released in 1997 and is the 

technical version. Weibull distribution is used to model data regardless of whether the failure rate is 

increasing, decreasing or constant. Weibull distribution is flexible and adaptable to a wide range of data. All 

objects must be recorded for failure, cycles to failure, transport distance, mechanical stress or similar 

continuous parameters. [1] 

2.4. Two-parameter Weibull distribution 

It is the most widely used distribution for data analysis on the time of life. Weibull probability density is 

presented by the equation [1]: 

           (1) 

Where  f(t) - probability density; 

t - variable time; 

n     - characteristic lifetime of the scale parameter; 

β     - shape parameter. 

Examples of application are:  

 the period of early failures; 
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 the period of random failures;  

 the wear and tear disorders. 

Shape parameter β determines the most appropriate member of the Weibull distribution group. Weibull 

distribution is different from the other division that the data meet him during his life in a wide range. The 

parameter t is generic, that is general and can represent various parameters, such as distance, time, number 

of cycles or the application of mechanical stress. 

2.5. hape parameter 

β < 1 indicates a high failure rate, which may occur in both electronic and mechanical at the commencement 

of life. 

This parameter indicates to us so these problems: the manufacture, assembly or poor quality control; the 

overhaul; lack of adequate process control; start-up or frequent disturbances; etc. 

β = 1 the so-called random failures due to random occurrence of disturbances in time. Preventive 

maintenance of the system improves. 

Possible reasons for these failures can be: accidental overloading; the human factor error (random error of 

maintenance); disruption of the natural properties of the object, lightning, foreign object damage; 

combination of multiple failures. 

β > 1 Here there are disturbances wear: corrosion; fatique; wear and tear; crack; accumulation of more 

damage. 

2.6. The problems in operation research 

The modern trend of increasing casting speed, puts high demands on the mold. The molds is required 

dimensional stability, wear resistance (Fig. 2) and high thermal conductivity. Ingot mold is exposed to 

extreme cyclical, thermal and mechanical stress. The molds mold is a high temperature difference between 

outer and inner surface, which is due to the large heat flux density. This creates thermal stress and plastic 

deformation, which are undesirable in terms of operation. Crystallizers are scrapped basically for two 

reasons, due to loss of taper wear, and also due to permanent deformation of the mold wall molds. The 

greatest strain in the steel surface and just below it. 

  

Fig. 2 Molds wear 

Experimental research of molds is complex because of the high temperatures and the danger arising from 

the presence of liquid steel in close proximity to cooling water. Construction equipment adjustments before 

experiments are costly and can delay production. Experimental research must always take place in 

conjunction with production company experimental workplace, which must conform to the priorities of 

production. In addition to experimental research has its irreplaceable position of the mathematical modelling.  
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3. SYSTEM MEASUREMENTS MKL 100/420 

This system was created to measure the dimensions of the ZPO molds 

with subsequent creation of a database to check taper, wear and detailed 

record keeping. To check compliance with the prescribed tolerances for 

new molds development and evaluation of wear-time operating molds 

deployed throughout their lifetime use visualization and evaluation 

programs. The actual device is shown in Fig. 3. 

3.1. Evaluation of modelling the life of the mold 

Within the two models have been developed mold life - the first based on 

analytical expressions of the degradation mechanism transferred to the 

shape of the marginal probability of failure with the application of Weibull 

distribution, the second model using artificial neural networks based on the 

frequency dependence of individual brands of cast steel and mold profile of 

the average value measured at each system levels MKL 100/420.  

4. ANALYTICAL MODEL 

The model is a statistical model that determined the shape parameter Weibull distribution for the different 

degradation mechanisms. Here we worked with two parametric Weibull division. The dominant degradation 

mechanism in a circular mold, which is being solved, is due to wear and tear through the walls of the melt, 

which is reduced by adding the lubricating powder in the technological process of casting. 

Subsequently regression model was created by the average taper of the lower mold by measuring the wear 

of mold measuring system MKL 100/420, which we consider diagnostic parameter. The model selected 

included the measured mold. The resulting analytical model is then created by combining the marginal 

probability of medium dependence disorders, assuming Weibull probability distribution with the parameters 

set depending on the dominant degradation mechanism and diagnostic parameter regression model, in this 

case the average taper of the bottom. Graphical representation of the model in Fig. 4 and Fig. 5. 

Analytical curve Weibull distribution for the crystallizer
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Fig. 4 Example of an analytical model   Fig. 5 Example of graphic expression of the  

           analytical model 

4.1. The model using artificial neural networks 

This model is intended to illustrate graphically the average profile of the casting mold steels specified 

quantity and specification of the frequency of various brands of steel. The importance of the model lies in the 

possibility of scheduling a sequence of individual campaigns and brands to define their frequency depending 

on the profile of the crystallizer with the option of setting parameters such as average lower molds taper, 

which we consider as a diagnostic parameter for this type of molds. 

Fig. 3 System MKL 100/420 

for measuring the molds 
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MKL System 100/420 measuring the profile of a circular mold at 18 levels along the height of the crystallizer 

and at 3 degrees around the perimeter of mold. For individual levels were determined the mean diameter of 

the crystallizer. Fig. 6 shows the change profile mold, depending on the number of tons of steel cast. 
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Fig. 6 Example of profile ganges mold 

5. CONCLUSIONS 

The completed model and its application in practice, should go through the casting simulate certain kinds of 

brands, as mold will look like and whether it can cause excessive wear of the mold. 

The aim of this study was to develop a model for the evaluation of the technical life of the building, namely 

the crystallizer. Within the two models were created. The first model is based on the analytical approach the 

transformation of the dominant degradation mechanism in the shape of the marginal probability of failure with 

the application of Weibull distribution. The resulting analytical model is then created by combining the 

marginal probability of medium dependence disorders, assuming Weibull probability distribution with the 

parameters set depending on the dominant degradation mechanism and diagnostic parameter regression 

model, in this case the average taper of the lower. 

The second model using artificial neural network is based on the frequency dependence of various brands of 

steel and cast profile average values for each measured mold levels MKL System 100/420. The result is a 

model of the crystallizer solution that allows you to plot the average profile of the mold along the entire length 

of this object after the specified amount of steel casting and specification of the frequency of individual steel 

grades. 

ACKNOWLEDGEMENTS 

The work was supported by the specific university research of Department of Ministry of Education, 

Youth and Sports of the Czech Republic No. SP2013/49 and project of Ministry of Industry and Trade 

of the Czech Republic No. FR-TI3/374. 

LITERATURE 

[1] ÚŘAD PRO TECHNICKOU NORMALIZACI, METROLOGII A STÁTNÍ ZKUŠEBNICTVÍ. Weibullova analýza. 

Praha : Úřad pro technickou normalizaci, metrologii a státní zkušebnictví, 2009. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1766 

[2] CROWDER, MJ., KINDER, AC., SMITH, RL., et al. Statistical Analysis of Reliability Data. Chapman&Hall, 1994. 

[3] DASFOS. http://www.dasfos.com . Dasfos. [Online] 2009. [Citace: 17. březen 2012.] 

http://www.dasfos.com/?clanek=3. 

[4] DAVID, J. Umělá inteligence v predikci životnosti, organizace a řízení údržby a obnov výrobních celků.  VSB-TU 

Ostrava, Ostrava, 2012. ISBN 978-80-248-2901-2 

[5] DAVID, J. a kol. Automatizace v metalurgii.  VSB-TU Ostrava, Ostrava, 2011. ISBN 978-80-248-2535-9  

[6] MAIXNER L., KOLNÍKOVÁ Z. Spolehlivost automatizovaných výrobních systémů. Praha : SNTL, 1984. 

[7] ŠTĚTINA, J. http://ottp.fme.vutbr.cz. Energetický ústav Odbor termomechaniky a techniky prostředí. [Online] Ing. 

Josef ŠTĚTINA, 2007. [Citace: 18. březen 2012.] http://ottp.fme.vutbr.cz/users/stetina/disertace/kapitola-1.htm . 

[8] WEIBULL. http://www.weibull.com/. weibull.com. [Online] Reliability Engeneering Resources, 1992-2012. [Citated: 

21. April 2012] 

[9] DAVID, J., HEGER, M., VROŽINA, M., VÁLEK, L. Visualisation of data fields. Archives of Metallurgy and 

Materials. 2010, Volume: 55 , Issue: 3 , p. 795-801. ISSN: 1733-3490 

http://www.dasfos.com/
http://www.dasfos.com/?clanek=3
http://ottp.fme.vutbr.cz/
http://ottp.fme.vutbr.cz/users/stetina/disertace/kapitola-1.htm
http://www.weibull.com/


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1767 

FUZZY LOGIC MODEL FOR EVALUATION OF LEAN AND AGILE MANUFACTURING 

INTEGRATION 

Tatiana USTYUGOVA, Darja NOSKIEVIČOVÁ 

VSB-Technical University of Ostrava, Ostrava, Czech Republic, EU, tatiana.ustyugova.st@vsb.cz  

Abstract  

Integration of the lean and agile manufacturing will lead to satisfying customer in the steady production 

environment. Today, it is really complicated to evaluate the possibility of these concepts’ integration. Mostly, 

they are investigated separately. This article presents the model of the appraisal of the lean and agile 

manufacturing using the fuzzy logic. The research model is based on the waste sources related to the lean 

production and on the parameters of the agile manufacturing. The necessary combination of the model 

elements will be determined with help of the fuzzy logic. The created generic model can be used for the 

different types of the companies including the metallurgy by changing the meaning of the examined 

coefficients and their weights.  

Keywords: Lean production, agile manufacturing, fuzzy logic 

1. INTRODUCTION 

The philosophy of Fuzzy Logic (FL) may be traced back to the diagram of Taiji created by Chinese people 

before 4600 B.C. But the study of Fuzzy Logic Systems (FLS) began as early as the 1960s. In the 1970s, FL 

was combined with expert systems to become a FLS, which imprecise information mimics a human-like 

reasoning process. FLS make it possible to cope with uncertain and complex agile manufacturing systems 

that are difficult to model mathematically [1]. By opinion of [2], in managerial practice, there are often 

situations when it is not enough for managers to rely on their own instincts. With specific fuzzy programs it is 

even possible to choose suppliers, service providers or to buy necessary goods. Using the classical logic or 

set theory, the products or elements are expressed through membership or non-membership (an element 

either belongs to the set or not, the statement is regular or irregular). But it is not everyday practice. It is 

preferable to use FL that determines the extent to which the element belongs to the set or not. FL allows 

paradoxes; instead of black and white 0/1 it brings the vision range of options - from irregular over almost 

entirely false, paradoxical, almost true to completely true. The researched model is based on fuzzy numbers. 

Fuzzy numbers are special fuzzy sets in the set of real numbers R = (- ∞, + ∞). Fuzzy number intuitively 

represents the value that is imprecise; it is a value that can be verbally described as "about" or 

"approximately" [3].  

Analysis of the modern literature about the lean and agile manufacturing was made for this paper. By opinion 

of the authors of the sources [4, 5] the comparison of the lean and agile manufacturing, which is shown in 

Table 1, was made. Some authors declare [4], that the integration of the lean and agile manufacturing is 

possible. By their opinion, both agility and leanness demand a high level of the product quality. They also 

require minimization of total lead-times defined as the time taken from a customer raiding a request for a 

product or service until it is delivered. The lean and agile business can co-exist. The integration can be built 

on the two principles: Pareto law or the decoupling point. The Pareto law says that 80 % of the total volume 

will be generated from just 20 % of all production lines. 

 

 

mailto:tatiana.ustyugova.st@vsb.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1768 

Table 1 The comparison of lean and agile manufacturing 

Lean production Agile manufacturing 

Leanness means developing a values stream to 
eliminate all waste including time, and to enable a 
level schedule. 

Agility means using market knowledge and a virtual 
corporation to exploit profitable opportunities in a 
volatile marketplace. 

Lean offers customers good quality products at a 
low price by removing inventory and waste from 
manufacturing process. 

Agile manufacturing is a strategy for rapid entering 
niche markets and being able to serve the specific 
needs of customers on an individual basis. 

A lean company may be thought of as a very 
productive and cost efficient producer of goods or 
services. 

An agile company is primarily characterized as a very 
fast and efficient learning organization. 

The other way of the lean and agile manufacturing integration is the decoupling point, which separates the 

lean processes from the agile processes in the supply chain [6]. 

The aim of this paper is to describe developed Fuzzy Logic Model (FLM) for the evaluation of the lean and 

agile manufacturing based on the calculation of the fuzzy integration index. This index will show the rate of 

the integration. The investigated model was created with help of the questionnaire investigating the current 

situation at the selected factory. The investigated company produces automobile parts (clutch, tie rod of cars 

etc.). Judging the reliability of the questionnaire outcomes the present unstable situation at the market must 

be considered. The contribution of this paper is the integral evaluation of the lean and agile manufacturing. In 

addition the FLM model was designed to be able to apply it in different industrial areas.  

The design of the FLM will include three steps, such as: 

 Selection of criteria for the evaluation. 

 Determination of the appropriate linguistic scale to assess the performance ratings and importance 

weights of the integration capabilities. 

 Determination of Fuzzy Integration Index. 

2. FUZZY LOGIC MODEL FOR EVALUATION OF LEAN AND AGILE MANUFACTURING 

INTEGRATION 

2.1. Selection of criteria for the evaluation 

The research model will be based on seven main types of the lean production waste (defects, 

overproduction, inventories awaiting further processing or consumption, unnecessary movements of 

employees, unnecessary transportation movements, unnecessary processing steps and waiting) [7] and on 

the agile manufacturing parameters (changeover effort, versatility, variety of loads, reconfigurability, 

modularity etc.). By the opinion of the author of [8], the meaning of these parameters is as follows (see Table 

2): 

Table 2 Meaning of agile parameters 

Parameter Meaning 

Changeover effort time and cost that are required for preparations in order to produce a new product mix 

Versatility the variety of operations the production system is capable to perform 

Range of 
adjustments or 
adjustability of a 
system 

related to the maximum and minimum dimension of the parts that the production 
system can handle 

Substitutability ability of production system to reroute and reschedule jobs effectively under failure 
conditions 

Operation 
commonality 

the number of common operations that a group of machines can perform in order to 
produce a set of parts 
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Table 2 (Continued) 

Parameter Meaning 

Variety of loads a material handling system carriages of work pieces, tools etc. 

Part variety associated with the number of new products the manufacturing system is capable to 
produce in a time period without major investments in machinery  

Part commonality related to the number of common parts used in the assembly of a final product 

Reconfigurability 
of the product mix 

the set of part types that can be produced simultaneously or without major setup delays 
resulting from reconfigurations of a large scale  

Modularity the ease of adding new customized components without significant effort  

Expansion ability the time and cost needed to increase/decrease the capacity without affecting the 
quality, to a given level  

The range of 
volumes 

the response to demand variations (it implies that the firm is productive even at low 
utilization); also associated with the hiring of temporary personnel to meet changes in 
the market demand  

Training level achievable through education and cross-training programs  

Job rotation related to the training and expressing the frequency with which the workers are 
transferred to the new work positions under normal conditions  

Interoperability a measure of the level of standardization (it provides an indication of the information 
infrastructure agility)  

Networking the communication capabilities of an enterprise; defined through the ability to exchange 
information  

The researched criteria for the evaluation can be divided into two levels, see Table 3. The first level is 

responsible for the division of the infrastructure (Production, Market, People, and Information). The second 

level describes particular integration criteria. 

Table 3 Integration criteria for evaluation 

Infrastructure (First level) ( ) Integration Criteria(Second level) ( ) 

Production (IC1) Defects (IC11) 

Unnecessary processing steps (IC12) 

Waiting (IC13) 

Unnecessary transportation movements (IC14) 

Changeover effort (IC15) 

Versatility (IC16) 

Range of adjustments (adjustability) (IC17) 

Substitutability (IC18) 

Operation Commonality (IC19) 

Variety of loads (IC110) 

Part variety (IC111) 

Part commonality (IC112) 

Market (IC2) Overproduction (IC21) 

Inventories awaiting further processing or consumption (IC22) 

Reconfigurability (IC23) 

Modularity (IC24) 

Expansion ability (IC25) 

The range of volumes (IC26) 

People (IC3) Unnecessary movements of employees (IC31) 

Training level of personnel (IC32) 

Job rotation of personnel (IC33) 

Information (IC4) Interoperability (IC41) 

Networking (IC42) 
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2.2. Determination of the appropriate linguistic scale to assess the performance ratings and 

importance weights of the integration capabilities 

The linguistic terms are used to assess the performance rating and importance weights of the integration 

values since it is difficult for experts to determine the score of vague values such as training level of 

personnel [9]. Most of the time linguistic scales include 2 scales [10]. The linguistic variables {Excellent [E], 

Very Good [VG], Good [G], Fair [F], Poor [P], Very Poor [VP], Worst [W]} were selected to assess the 

performance rating of the integration capability (these are the examined coefficients). Then the linguistic 

variables {Very High [VH], High [H], Fairly High [FH], Medium [M], Fairly Low [FL], Low [L], Very Low [VL]} 

were selected to assess the importance weights of the integration capabilities. Using the previous studies [9, 

10], the table of fuzzy numbers for the linguistic variable values was created, see Table 4.  

Table 4 Fuzzy numbers for linguistic variables values 

Performance-rating ( ) Importance-weighting ) 

Linguistic variable Fuzzy number Linguistic variable Fuzzy number 

Worst [W] (0, 0.5, 1.5) Very Low [VL] (0, 0.05, 0.15) 

Very Poor [VP] (1, 2, 3) Low [L] (0.1, 0.2, 0.3) 

Poor [P] (2, 3.5, 5) Fairly Low [FL] (0.2, 0.35, 0.5) 

Fair [F] (3, 5, 7) Medium [M] (0.3, 0.5, 0.7) 

Good [G] (5, 6.5, 8) Fairly High [FH] (0.5, 0.65, 0.8) 

Very Good [VG] (7, 8, 9) High [H] (0.7, 0.8, 0.9) 

Excellent [E] (8.5, 9.5,10) Very High [VH] (0.85, 0.95, 1) 

Then the table of the evaluation model must be filled in 3 steps. The first step is the definition of the linguistic 

variables of the weights and ratings for all kinds of the infrastructure together with fuzzy numbers. The next 

step is to do the same but for all integration criteria. The last stage is the filling out the performance-rating 

from the questionnaire, which was made before. Table 5 is illustrating the evaluation model of the lean and 

agile manufacturing which was used for the calculation of the fuzzy integration index. 

Table 5 Evaluation model  

     
LV FN LV FN LV FN 

P
ro

d
u
c
ti
o
n

 (
IC

1
) 

 

Defects (IC11) VH (0.85, 
0.95, 
1) 

VH (0.85, 0.95, 1) P (2, 3.5, 5) 

Unnecessary processing 
steps (IC12) 

VH (0.85, 0.95, 1) E (8.5, 9.5,10) 

Waiting (IC13) H (0.7, 0.8, 0.9) VP (1, 2, 3) 

Unnecessary transportation 
movements (IC14) 

H (0.7, 0.8, 0.9) VP (1, 2, 3) 

Changeover effort (IC15) H (0.7, 0.8, 0.9) VP (1, 2, 3) 

Versatility (IC16) VH (0.85, 0.95, 1) F (3, 5, 7) 

Range of adjustments 
(adjustability) (IC17) 

H (0.7, 0.8, 0.9) P (2, 3.5, 5) 

Substitubality (IC18) VH (0.85, 0.95, 1) P (2, 3.5, 5) 

Operation Commonality 
(IC19) 

H (0.7, 0.8, 0.9) P (2, 3.5, 5) 

Variety of loads (IC110) H (0.7, 0.8, 0.9) F (3, 5, 7) 

Part variety (IC111) FH (0.5, 0.65, 0.8) F (3, 5, 7) 

Part commonality (IC112) VH (0.85, 0.95, 1) G (5, 6.5, 8) 

M
a
rk

e
t 
(I

C
2
) 

Overproduction (IC21) VH (0.85, 
0.95, 
1) 

VH (0.85, 0.95, 1) P (2, 3.5, 5) 

Inventories awaiting further 
processing or consumption 
(IC22) 

VH (0.85, 0.95, 1) F (3, 5, 7) 

Reconfigurability (IC23) VH (0.85, 0.95, 1) F (3, 5, 7) 

Modularity (IC24) H (0.7, 0.8, 0.9) P (2, 3.5, 5) 
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Table 5 (Continued)  

     
LV FN LV FN LV FN 

(I
C

2
) 

Expansion ability (IC25)   H (0.7, 0.8, 0.9) VP (1, 2, 3) 

The range of volumes (IC26) H (0.7, 0.8, 0.9) F (3, 5, 7) 

P
e
o

p
le

 (
IC

3
) 

Unnecessary movements of 
employees (IC31) 

FH (0.5, 
0.65, 
0.8) 

FH (0.5, 0.65, 0.8) VP (1, 2, 3) 

Training level of personnel 
(IC32) 

H (0.7, 0.8, 0.9) F (3, 5, 7) 

Job rotation of personnel 
(IC33) 

VL (0, 0.05, 0.15) F (3, 5, 7) 

In
fo

rm
a
ti
o
n
 

(I
C

4
) 

Interoperability (IC41) H (0.7, 
0.8, 
0.9) 

H (0.7, 0.8, 0.9) F (3, 5, 7) 

Networking (IC42) FH (0.5, 0.65, 0.8) VP (1, 2, 3) 

Legend: LV-Linguistic variable, FN- fuzzy number  

2.3. Determination of Fuzzy Integration Index 

First of all, it is important to calculate the fuzzy integration criteria for each infrastructure, Eq. 1 [9]. All 

needed components were taken from Table 5. 

          (1) 

It was computed that , , , 

. After that we can determine the Fuzzy integration index (FII), which can be calculated 

with help of Eq. 2 [9].  

          (2) 

The result is . 

On this stage of the research, the sources [10] were analysed and it was decided that the natural level 

expression of fuzzy integration index is IL= {very integrated [VI], integrated [I], fairly integrated [FI], fairly low 

integrated [FLI], not integrated [LI]}. According to [10] fuzzy numbers for the integration index are shown in 

Table 6.  

Table 6 The natural expression of FII 

Linguistic variable Fuzzy number 

Not Integrated [NI] (0, 1.5, 3) 

Fairly Low Integrated[FLI] (1.5, 3, 4.5) 

Fairly Integrated [FI] (3.5, 5, 6.5) 

Integrated [I] (5.5, 7, 8.5) 

Very Integrated [VI] (7, 8.5, 10) 

When the determination of the linguistic scale and fuzzy numbers for FII was made, the linguistic and 

corresponding membership functions could be built, see Fig. 1.  
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Fig. 1 Linguistic levels to match FII 

It can be said that the investigated company integrated some parts of the lean and agile manufacturing 

elements theoretically, because the FII is located between Fairly Low Integrated and Fairly Integrated areas. 

But for the precise result we will need to develop the more accurate linguistic variables and fuzzy numbers 

scale for FII, which will be the part of the future research. 

CONCLUSION 

The researched fuzzy logic model for the evaluation of an integration of the lean and agile production has 

shown the current situation at the production company easily. The basic operations with fuzzy numbers were 

used in this paper, which will help to create FL models for the different industrial areas in the future including 

metallurgy. As a part of the future research the more accurate linguistic variables and fuzzy numbers scale 

for FII will be developed for the different economic sectors. 
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Abstract 

Large amounts of waste made in various industries and municipal waste are generated every day. Much of 

this waste is stored in special landfills, but increasing amount is being processed and recycled. Reducing, 

treatment and utilization of waste is required by international law. The analysis of waste treatment in Poland 

is presented in this paper. The quantitative analysis of waste generated in Poland and methods of their 

utilization, recycling and reuse was made. 

Keywords: waste materials, waste treatment, recycling 

1. INTRODUCTION 

Every day in Poland large amount of waste are generated. They are generated in both households 

(municipal waste) as well as in any organization operating various industry sectors in the country. Generation 

of waste is often connected with the nature of processes taking place in such organizations. During many 

production processes, such as e.g. steel industry, lot of waste is generated, amount of which can be only 

reduced in the slight degree [1, 2]. In this case, organizations are responsible for their treatment. Reduction 

and treatment of waste is required by law, both domestic and international, nowadays.  

The analysis of situation in waste treatment in Poland is presented in this paper. In the analysis, amount of 

waste generated in Poland, ways of treatment of waste and investment in waste management are included. 

The analysis is based on result of year 1995-2011, which come from Central Statistical Office concerned of 

waste management in Poland. 

2. LEGISLATION RELATED TO WASTE TREATMENT IN POLAND 

Currently in Poland, Act of 14th December 2012 on waste is in force (OJ. 013, No 0, item 21). It is revision of 

Act of 2001. This Act defines waste as: “any substance or object, which the holder thereof discards or 

intends or is required to discard” [3]. The act presents also ways of their treatment. 

The Act on waste also defines a hierarchy of ways of waste management practice, which are characterized 

in detail [3]: 

 Prevention of generation of waste, 

 Preparing for re-use, 

 Recycling, 

 Other ways of recovery, 

 Waste disposal. 

The Act also defines the need to prepare waste management plans. Such plans specify the operations which 

are intended to enable the reduction of generated waste, methods of their treatment and resources that help 

in waste management [3]. This kind of plan includes [4]: 

 Description of the current state of waste management, 

 Forecasted changes in waste generation and waste management, 

 Purposes for waste management, 

mailto:ekonstan@wip.pcz.pl
mailto:silvie.brozova@vsb.cz
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 Waste management system, 

 Tasks, which implementation ensures improvement in waste management, 

 Types of projects, 

 Financial instruments for achieving the objectives in waste management, 

 Monitoring system and ways of evaluating the implementation of the objectives in waste management. 

3.  AMOUNT OF WASTE GENERATED IN POLAND 

The analysis of amount of waste generated in Poland was made. Amount of waste, excluding municipal 

waste, generated in Poland in years 1990 - 2011 was presented in Fig. 1, amount of municipal waste was 

presented in Fig. 2. 

  

Fig. 1 Amount of waste (excluding municipal waste) 

generated during the year in Poland in years 1995 - 

2011 [5] 

Fig. 2 Amount of municipal waste generated during 

the year in Poland in years 1995 - 2011 [5] 

Based on the analysis presented in Fig. 1, it can be concluded that in 2011 amount of waste generated in 

Poland was lower than in 1990. The lowest amount of waste was noticed in 2009 (about 111 mln Mg), in 

following years their amount increased. In 2011 123.5 mln Mg of waste (excluding municipal waste) was 

generated. 

Based on the analysis presented in Fig. 2, it 

can be said that the largest amount of 

municipal waste generated in Poland 

(approximately 12.7 mln Mg) was generated in 

2005, in following years the amount 

decreased, in 2011 the amount increased to 

approximately 12.13 mln Mg. 

In 2011 in Poland app. 123 mln Mg of waste 

was generated in Poland in various sectors of 

economy. It should be noted, however, that 

each of these sectors generate different 

amount of waste. Fig. 3 shows the percentage 

of waste (excluding municipal waste) 

generated on various sectors. 

According to the analysis presented in Fig. 

3, the largest percentage of waste in 2011 

was generated in mining and quarrying industry, this sector generated app. 49 % of all waste generated in 

the country. Significant percentage of waste was generated in manufacturing industry (app. 21 %) and 

electricity industry (18 %). In other sectors percentage of waste was much lower. 

Fig. 3 Percentage of waste (excluding municipal waste) in 

various sectors of the economy in Poland in 2011 [5] 
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4.  METHODS OF WASTE TREATMENT IN POLAND 

Nowadays in Poland, three types of methods of waste treatment are used: recovery, disposal and land-filling. 

Fig. 4 presents the percentage of each method of waste disposal (excluding municipal waste) in years  

1990 - 2011. 

 

Fig. 4 Waste treatment (excluding municipal waste) in Poland in years 1990 - 2011 [5] 

 

Based on the analysis presented in Fig. 4, it can be said that in the nineties, more than half of waste (app. 

54 %) was recovered, over 45 % of waste was stored on specially designated landfills, only small percentage 

was disposed. Since 2000 the situation has changed significantly, more and more waste was disposed, 

percentage of land-filled waste decreased. In 2011 app. 72 % of waste was recovered, app. 26 % - 

disposed, while only 22 % of waste was land-filled. 

The analysis of waste treatment (excluding municipal waste) in various sectors of the economy in Poland in 

2011 was made. Results are presented in Fig. 5. 

 

Fig. 5 Waste treatment (excluding municipal waste) in various sectors of the economy in Poland in 2011 [5] 

Legend: A - Mining and quarrying, B - Manufacturing, C - Electricity, gas, stearm and air conditioning supply, D - Water 

supply; sewerage, waste management and remediation activities, E - Construction, F - Other 
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Based on results presented in Fig. 5, it can be said, that construction is the sector of the economy, in which 

the largest percentage of waste is recovered (app. 99 %), groups of other activities (e.g. trade, transport, 

accommodation, communication) - app. 90 %. The largest percentage of disposal of waste was recorded for 

water supply and sewerage (app. 57 %) and energy production and supply (app. 39 %). 

Percentage of waste treatment in Silesian voivodship in 2011 is presented in Fig. 6, while percentage of 

waste in manufacturing processed of basic iron and steel and of ferro-alloys in Poland in 2011 is presented 

in Fig. 7. 

 
 

Fig. 6 Waste treatment (excluding municipal waste) 

in Silesian voivodship in 2011 [5] 

Fig. 7 Waste treatment (excluding municipal waste) in 

manufacturing processed of basic iron and steel and 

of ferro-alloys in Poland in 2011 [5] 

Observing results of the analysis of methods of waste treatment in Silesian voviodship (Fig. 6), it can be 

concluded that over 87 % of waste generated in Silesian voivodship in 2011 was recovered, nearly 11 % - 

disposed and only app. 2 was temporarily stored. Differences between Silesian voivodship and results in 

Poland are due to the fact that Silesian voivodship is the industrial area, where a lot of industrial companies, 

in which waste treatment is possible (such as steel or mining industry), are gathered.  

Based on results presented in Fig. 7, which presents results for steel industry, it can be said that more than 

95 % of all waste generated in this industry was recovered, only 3.5 % was disposed and 1.3 % was 

temporarily stored. These results are related to the specificity of this kind of industry. Many waste generated 

in metallurgical processes can often be used in other processes as burden material, some kind of waste can 

be transferred to the production of other types of products or used in construction industry. 

Situation in municipal waste treatment is quite different. Methods of treatment of this kind of waste are 

presented in Table 1. 

Table 1 Treatment of municipal waste in Poland in 2011 [5] 

Specification Amount 

Amount of municipal waste generated 

Turing the year, mln Mg 

12.129 

Amount of collected municipal waste, % 81.03 

Of which disposed, % 70.07 

 Thermal 0.81 

 Biological 3.01 

Deposited for landfill sites, % 57.44 

Number of landfills 578 

Based on results presented in Table 1, it can be said that in Poland in 2011 over 12 mln Mg of municipal 

waste was generated. Over 80 % of this waste was collected, 70 % of all generated waste was disposed, 
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over half of in was deposited for landfill sites. It should be noted that in Poland in 2011 there are 578 

municipal landfills. 

5.  INVESTMENTS IN WASTE MANAGEMENT IN POLAND 

Every year in Poland, new investments in waste management are created. In 2011 outlays on fixed assets 

for waste management was on the level of 919 536.7 thousands PLN [6]. This investment had different 

sources of financing. Structure of sources of financing of investment in 2011 is presented in Fig. 8. The 

structure of investment in 2011 according to waste management activities is presented in Fig. 9. 

  

Fig. 8 Sources of financing of investment in waste 

management in Poland in 2011 [5] 

Fig. 9 Investment in waste management in Poland in 

2011 [5] 

Based on results presented in Fig. 8 and Fig. 9, it can be said that the main sources of financing of 

investment in waste management was own funds (app. 44 %), ecological funds (app. 33 %) and funds from 

abroad (app. 12 %).  

Nearly 47 % of all investments were investments in fixed assets for treatment of hazardous waste, about  

15 % of investments were investments in waste collection and transport, while app. 33 % - investments in 

other types of activities (e.g. reclamation of waste dumps, waste water treatment plant). 

6.  CONCUSION 

Waste management has been one of the most important factors relevant to the environment protection for a 

long time. Currently in Poland, app. 70 % of generated waste is recovered in any way. The percentage of 

recovered waste depends on the type of waste and the sector of the economy, in which they are generated. 

Municipal waste is mainly disposed (app. 70 %), including large amount of waste, which are deposited in 

special landfill sites (app. 57 %). 

In case of waste generated in various production and services processes, they are often treated in recycling 

processes or other methods of recovery. The level of recovery depends on the type of waste generated in 

the process: in construction industry app. 99 % of waste is recovered, the manufacturing industry - over   70 

% (e.g. steel industry - 95 %), mining and quarrying - app. 70 %. In case of energy and water industries 

waste are mainly disposed by depositing it for special landfill sites, 

Waste management is continuously optimized to reduce negative effect of waste on the environment in the 

future. Waste management plans are created and developed to improve the conditions of the environment 

by reducing waste generation and optimal treatment of waste which are produced. 
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Abstract 

The concept of the sustainable development involves properly and consciously shaped relationship between 

economic growth, care for the environment and life quality. The aim of this concept is to ensure the ability to 

provide the basic needs of both the present generation and also future generations. When high use of 

natural resources and produced waste it became obvious to utilize the waste. The Act of 27 April 2001 on 

waste (OJ 2001, No. 62 item. 628) includes the obligation of waste utilization in Poland. Also the 

membership in European Union imposes such a requirement. In the article the need to manage of waste and 

the possibility of waste utilization on Polish example are presented. 

Keywords: utilization, recycling, waste 

1. INTRODUCTION 

Rapid industrial development has caused the need to care more about the environment than ever before. 

The environment is a very important factor that determines the life of organisms on earth. Therefore the 

concept of the sustainable development was introduced. The sustainable development of the Earth is a 

development that meets the basic needs of all human beings and which conserve, protect and restore the 

health and integrity of the Earth's ecosystem, without compromising the ability of future generations to meet 

their own needs and without going over the limits of long term capacity of the earth`s ecosystem [1]. This 

concept can be generally presented in from of graph (Fig. 1). 

 

 

Fig. 1 Circle of sustainability [2] 

In Poland the concept of the sustainable development has gained a constitutional status - has been 

enshrined in Article 5 in the Constitution of Poland, and the sustainable development was defined in the 

file:///C:/Users/konference/AppData/Local/Temp/manuela@gazeta.pl
file:///C:/Users/konference/AppData/Local/Temp/simona.jursova@vsb.cz
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Environmental Protection Law. According to it the sustainable development is the socio-economic 

development, in which there is the process integrating political, economic and social operations, with the 

preserving natural balance and the durability of basic natural processes, in order to guarantee the ability to 

meet basic needs of communities and citizens of both the present generation and future generations [3]. 

On the basis of the concept of the sustainable development the UE law and laws of individual UE members 

in the field of environmental protection were adjusted.  

In the article the legal basis supporting this concept was presented. The statistical and economic aspects of 

wastes utilization in Poland, with the possibility of their recycling, were shown. The waste produced by 

manufacturing companies was mostly included. 

2. ENVIRONMENTAL REGULATIONS IN POLAND 

With the development Poland began to change the system to adapt its law, including environmental law to 

the changing world requirements. Special attention was paid to the negative impact on the environment and 

the need for recovery. 

The Act of 27 April 2001 the Environmental Protection Law [4] contains two important articles. Article 6 

provides the obligation to prevent negative effects on the environment, if the activity of an organization does 

it. Article 7 contains the obligation incurred by the organization pollution removal costs, if such pollution 

causes. 

The Act of 27 April 2001 on Waste includes responsibilities of organizations whose activities generate waste. 

This organization, according to Article 5, shall plan, design and carry out actions to [5]: 

 prevent producing of the waste and reduce the amount of waste and its negative environmental impact 

during the production of products, during and after use of products, 

 provide recovery in accordance with the environmental principles, if it was not possible to prevent 

waste, 

 provide, in accordance with the environmental principles, disposal of waste, the creation of which 

could not be prevented, or which could not be recovered. 

However, if the organization, for technical or environmental reasons, is not able to carry out such a recovery, 

according to Article 7, waste should be disposed in accordance with the requirements of environmental 

protection and waste management plans [5]. 

3. STATISTICS AND POSSIBILITIES OF WASTE UTILIZATION IN POLAND 

At the beginning to show the possibility of waste utilization, the authors have decided to present a number of 

companies producing waste in Poland and the percentage of the companies which recover and treat waste 

(Table 1). 

Table 1 Degree of recovered, treated and landfilled waste generated in the plants during a year [own study 

based on 6] 

Specification 
Year 

2000 2005 2009 2010 2011 

Plants generating waste 1393 1573 1746 1798 1936 

Of which those [pcs] [%] [pcs] [%] [pcs] [%] [pcs] [%] [pcs] [%] 

recovering the waste 1290 92.6 1402 89.1 1577 90.3 1614 89.8 1814 93.7 

treating the waste 805 57.8 622 39.5 549 31.4 553 30.8 393 20.3 

landfilling the waste 738 53.0 417 26.5 317 18.2 288 16.0 281 14.5 
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After the political changes the number of companies was increasing year by year, and the same times the 

number of companies producing waste was increasing as well. As it is shown in Table 1, approximately 90 % 

of these companies decided to recover the waste. It may be noted, however, that with time, the percentage 

of the companies treating waste or landfilling them decreased regularly, meaning that the number of 

companies recovering waste increased. It can be concluded that in Poland there are possibilities of waste 

utilization. 

The possibility of recycling in Poland is presented in the form of statistics that contain the selected types of 

waste and their life cycle (Table 2). 

Table 2 Waste generated and accumulated so far by types in 2011 [6] 

Specification 

Waste generated during the year Waste 
landfilled 

at the end of 
the year in 
mln tonnes 

grand 
total 

in mln 
tonnes 

recover
ed 

treated 
temporarily 

stored total 
of which 
landfilled 

in % of waste generate 

Total 123.5 71.8 25.5 21.5 2.8 1654.1 

of which:  

waste from floatation dressing 
of non-ferrous metal ores 

29.3 68.0 32.0 32.0 - 620.0 

waste generated at washing 
and cleaning minerals 

28.3 79.6 18.2 18.2 2.2 472.0 

dust-slag compounds from wet 
treatment of furnace waste 

10.4 12.8 82.5 82.5 4.7 258.0 

coal fly ash 4.5 95.2 4.6 0.1 0.3 19.0 

mixtures of fly-ash and solid 
waste originating from 
limestone methods of 
desulphurisation of waste 
gases 

4.2 100.0    0.0 

waste from the processing of 
slag 

2.9 100.0    4.1 

bottom ash, slag, furnace ash 
and particulates from boilers 

2.6 96.3 0.7 0.6 3.0 19.2 

In 2011 Polish companies produced 123.5 million tons of waste. In Table 2 the waste which the percentage 

of the total amount was the highest is listed. More than 70 % of this waste is recycled, disposed more than 

25 %. One hundred per cent recovery was obtained in case of mixtures of fly-ash and solid waste originating 

from limestone methods of desulphurisation of waste gases; waste from the processing of slag. Also in case 

of bottom ash, slag, furnace ash and particulates from boilers and coal fly ash, their recovery was high. 

While for dust-slag compounds from wet treatment of furnace waste, despite a slight recovery, there was a 

high percentage of their treatment. 

In Poland there are many companies involved only in the recycling and utilization of the waste. They offer a 

wide range of services, which the company producing the waste can benefit from (Table 3 and 4). These 

companies offer removal and then recovery practically of any type of waste. To operate in the market, they 

have the required decisions and administrative permissions that allow to the transport and manage the waste 

and hazardous waste. They provide waste management in accordance with the Polish Acts. They also sign 

proper documents confirming the acceptance of waste, so called waste note. 
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Table 3 Waste management companies [7] 

Section 
Total Public sector Private sector 

2005 2011 2005 2011 2005 2011 

Waste collection, treatment and 
disposal activities; 
materials recovery 

3177 3824 371 331 2806 3493 

Table 4 Sold production in the waste management companies in 2011 [7] 

SPECIFICATION Sold production in mln PLN 

Waste collection, treatment and disposal 
activities; materials recovery 

8955.1 

of which:  

waste collection 4331.1 

waste treatment and disposal 1154.8 

materials recovery 3469.2 

4. ECONOMIC ASPECTS OF WASTE UTILIZATION 

The company, on the basis of legal regulation, the concept of the sustainable development and 

environmentally friendly customer requirements, adopted a new concept of environmental management 

strategy which consisted of product lifecycle management strategy. The aim of this strategy is to reduce or 

minimize the emission of pollutions associated with the development, sale, consumption or exploitation of the 

product. At every stage of the product lifecycle, the potential post-consumer waste management 

(recirculation) should be included [8]. The product lifecycle depicted technologically was presented in Fig. 2. 

 
Fig. 2 Technical product lifecycle [9] 

In the technical product lifecycle 5 different stages were separated. From the point of view of environmental 

protection and the economics of the enterprise functioning, 1st and 5th stages are very important. Already at 

the stage of the product design the possibility of its recycling or disposal after use by the customer should be 

taken into account. This will for sure influence the appropriate selection of materials and production 

technologies in the next stage of the lifecycle, and hence the appropriate calculating the cost of production of 

the product.  

On the basis of the product lifecycle, from the economic point of view, the company should carry out the 

production process if possible taking into account both the recycling of waste generated at home, as well as 

products after customer consumption. This process was presented in Fig. 3. 

 

Fig. 3 The environmental-oriented production process [10] 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1783 

As it is seen in Fig. 3, as a result of the manufacturing process the company receives a product that is used 

by the client. After its use there is utilization, which can run in two ways. The company can carry out 

recycling of individual parts or subject to biodegradation. 

The use of waste as secondary raw materials, in addition to the elimination of environmental pollution, also 

provides multiple economic effects in the form of [11-14]: 

 increasing the resource base,  

 reduction of capital intensity and energy intensity, of sourcing and processing of raw materials, 

 reduction consumption of natural resource and production costs.  

Intensive growth in the use of primary raw materials increases the amount of waste suitable for reuse, which, 

paradoxically, reduces use of resources. Due to continue increasing material needs in industry and 

construction, it is important that the use of waste as secondary raw materials was the greatest. 

According to the Polish law [2, 7], many companies are obliged to take back waste products from their 

customers. In Table 5 it was shows how this phenomenon proceeded in Poland in 2011, on the example of 

electrical and electronic equipment. 

Table 5 Levels of recovery and recycling of electric and electronic equipment achieved in 2011 [6] 

Specification Mass in tonnes 

Mass of accumulated used equipment 143339.8 

Mass of processed used equipment 151859.0 

Mass of waste generated from used equipment  

of which: 

exposed to the process of recycling 129054.2 

exposed to a recovery process other than recycling 816.1 

The electric and electronic equipment after their use until now posed many problems for their users. In 

Poland, like in many countries of the European Union, disposing of such equipment to household dustbins is 

prohibited under the threat of high fine. 

The obligation to acceptance of such equipment during the purchase of a new one caused that customers 

are increasingly using this possibility. They can get rid of the used equipment, often yielding at the same time 

low discount of the price. The waste collected in this way is easier to be disposed, do not need to be 

separated, and thus the cost of the treatment is reduced. 

5. CONCLUSION 

The concept of the sustainable development is a very important element in the chain related to protection on 

environment. All countries of the European Union, including Poland, had to base their laws of environmental 

protection on this rule. It is important that the appropriate use of materials and waste utilization will allow for 

decent life also of future generations. 

In Poland, there are many companies that are able to manage their waste. This means also that new 

companies have a chance to it to as well. In the market there are a lot of companies that can take away 

waste from other companies and utilize them. 

The most important is to check all the rules on the own business and industry that the company can properly 

organize their waste management. 

Generation of waste should be provided at the design stage of the product and taken into account their 

recycling after use by the customer. This will allow not only to proceed in accordance with the Polish law, but 

also to give the possibility to use waste as in the manufacturing process of new products. 
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Abstract 

The paper deals with possibilities of energy exploitation of industrial waste. At the beginning, it sums up the 

advantages of energy treatment of the waste. It presents recent survey of industrial waste production 

according the region in the Czech Republic. It describes the technologies of energy waste exploitation. The 

main part of the paper is concentrated at possibilities of energy exploitation of the waste in metallurgy. It 

deals with waste utilization in iron-making. It summarized both Czech and European knowledge in waste 

injection into blast furnace. The paper is concerned about its economic and profitability.  

Keywords: energy, iron-making, waste injection 

1. INTRODUCTION 

The energy exploitation of waste is supported by Ministry of Environment of Czech Republic. As a response 

to low rate of waste energy exploitation, the Ministry issued in May of 2012 the Declaration for support of 

energy waste exploitation. The installations which would decrease in the waste disposal for the energy waste 

usage is fully approved. The support will aimed especially at the municipal waste treatment and construction 

of installation for its energy exploitation. However, the energy exploitation of all kinds waste is preferred by 

Act 185/2001 Sb. about Waste. Energy exploitation of all the produced waste is highly important for these 

reasons [1]: 

 The waste is a good alternative source of raw materials 

 The Czech Republic would be sanctioned if it had not keep the decrease in disposal of biological 

decomposable waste in 2013 

 In comparison with other European countries, the Czech Republic does not energetically exploit the 

waste sufficiently 

 The energy waste exploitation is a good solution for the waste impossible to trade during the sale 

crisis. The energy sale is not practically restricted. 

 The energy waste exploitation is the best solution for actual waste processing at the time of any kinds 

emergency  

Table 1 Waste suitable for energy exploitation 

Catalogue 

number 
Type of waste 

01 Mining waste 

05 Waste from oil and gas processing, waste from coal pyrolysis 

07 Waste from organic chemistry 

11 Waste from surface processing  

12 Waste from forming and mechanical processing of metal and plastic surface 

13 Oil and fluid fuels waste 

15 Waste packages  

mailto:simona.jursova@vsb.cz
mailto:pavlina.pustejovska@vsb.cz
mailto:silvie.brozova@vsb.cz
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Obviously, the waste 

material rich in hydrocarbons 

is suitable for energy 

exploitation. This kind of 

industrial waste occurs 

especially in the groups 

defined by Catallogue of 

Waste presented in Table 1.  

The production of these 

kinds of waste is in period 

summed up by Statistic Data 

of Czech Republic in Fig. 1.  

 

 

2. HYDROCARBON WASTE APPLICABLE TO METALLURGICAL INDUSTRY 

2.1. Plastics waste 

The most numerous waste occurs in the group of waste package. The plastics mainly present this kind of 

waste. The most frequently used plastics are polyethylene and polypropylene typical of high heating values 

and chemical composition rich in carbon and hydrogen. There are available two methods of plastic waste 

exploitation in metallurgical processes. The hydrocarbon energy in plastics is possible to use in blast 

furnace. The technology of plastics injection is supported as a best available technique by European 

Reference document on Iron and Steel Production. As it is declared in Reference documentation, a kilo of 

plastics is able to supply 0.75 kg of coke [3]. In the environmental and economic point of view, it means coke 

savings relating to decrease in costs for its supply. Moreover, plastics are not as rich in sulphur as oil and 

coke is. It results in consumption of desulfurization agent necessary for pig iron treatment. Next to it, the 

plastics injection has a significant impact on decrease in SO2 emissions. On the other hand, the plastics 

injection implementation demands high investments for maintenance. The plastics might be a source of Cr, 

Cu, Ni, Cl and Mo in blast furnace gas.  

The second possibility of plastics exploitation is their application for the coking process. The polish literature 

presents the technology Carbotherm including dechlorination of plastic waste in the production process of 

carbon feedstock of full value for the coking industry [4]. There was a research on thermal decomposition of 

plastic waste and its application in metallurgical industry. The elemental analysis of polyethylene and 

polypropylene waste presented a very high calorific value of these materials (Table 2). They are 

characterized by high carbon content while the content of ash and sulphur is low. 

Table 2 Elemental analysis of polyethylene and polypropylene plastics [5] 

% PE-LD PE-HD PP 

H2 14.93 15.1 15.26 

C 82.8 83 83.1 

S 0.07 0.1 0.03 

N2 1.93 1.21 1.46 

Ash 0.01 0.7 0.06 

Calorific value (MJ·kg-1) 42.23 42.78 43.34 

Fig. 1 Production of waste suitable for energy exploitation in 2008 - 2011 [2] 
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2.2. Waste tires 

The waste tires rich in carbon are another material suitable for the blast furnace injection. The analysis 

presents that the tires content more than 80 % of carbon. Beside it, there is about 7 % of hydrogen and 

content of nitrogen and sulfur below 0.5 %. At  VSB- Technical University of Ostrava within project of the 

Ministry of Education, Youth and Sports Research Plan 6198910019 ”Processes of Reduction of Emissions 

of CO2 - DeCOx Processes”, a pyrolysis unit processing all kinds of waste materials including waste tyres 

was developed. The pyrolysis unit was primarily designed for waste elimination accompanying energy 

generation.  

The pyrolysis generally means a thermal decomposition of organic materials in an environment without 

oxygen. There are three products of pyrolysis technology: pyrolysis gas, liquids such as tars and solid 

residue - pyrolysis coke. So far, the pyrolysis coke has been used in production of paints, rubber industry, for 

production of tonners and oil substances sorbents. Because of high carbon content (Table 3), it is a potential 

fuel for blast furnace injection. [6] 

Table 3 Elemental analysis of coke residue generated by waste tires pyrolysis [7] 

 C H2 N2 S O H2O Ash Calorific value (MJ·kg-1) 

% 87.88 0.57 0.21 2.19 0.03 0.97 9.09 30.84 

There was used the method of RTG - fluorescence to determine the content of zinc in the pyrolysis coke 

sample. The analysis confirmed rather a not negligible content of zinc which causes disorders of blast 

furnace technology. The content of ZnO was more than 7 %. [7] For blast furnace process it is unacceptable 

and pyrolysis coke has to be processed before its injection into blast furnace. 

2.3. Waste Mining Gas 

In the middle of 20th century for safety reasons started the mine degasification. It reduces the danger of 

explosion together with methane emissions into the air. As it is presented in international studies, the annual 

world methane emission accompanying the coal mining are about 23·106 t. Just 7 % of this amount is 

captured as degasation gas. As a by-product of coal mining degasification, the degasation gas is generated. 

It contains about 60 % of methane. Because of it, the degasation gas is very well-applicable to blast furnace 

injection. [6, 7]  

The degasation gas injection into blast 

furnace results in: burning temperature 

decrease in front of tuyeres, increase in 

gas occurrence in the lower part of the 

furnace, changes in permeability of 

lower area, decrease in basic slag 

forming agents, decrease in slag 

formation, changes in fuel burning 

intensity, coke savings. On the other 

hand, there are some limits for 

degasation gas utilization such as 

temperature in heart without significant 

changes, increased volume of gases in 

heart without disorders in counter-flow 

and constant reducing effect of counter 

flow, heat sufficiency in the blast 

furnace. [8-10]  

Fig. 2 Effect of waste mining gases injection on carbon 

consumption 
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The blast furnace operation supplied by degasation gas injected into tuyeres decreases in coke 

consumption. Fig. 2 presents savings of coke by injection of this alternative fuel. Possible economical 

savings in the conditions of Czech metallurgical plant are counted in Table 4. There was counted an upper 

limit of coke reserve which is 30 kg ·t-1 of pig iron. At the price of coke 6100 CZK per ton, this reserve 

presents savings for coke purchase about 183 CZK per ton of pig iron. At the annual production of 1 mil. ton 

of pig iron, the coke savings in the metallurgical company might reach 183 mil. CZK per year. 

Table 4 Economical Savings of Decrease of Coke Consumption 

Coke savings 

(Kg·t-1 of pig iron) 

Price of coke 

(CZK·t-1) 

Savings at coke 

consumption 

(CZK·t-1 of pig iron) 

Annual coke savings in 

company 

(mil. CZK) 

30 6100 183 183 

The economic benefits of coke consumption decrease are not negligible. Nowadays, Czech metallurgical 

plants are operating two blast furnaces. The savings are able to be doubled. The question is just an effective 

usage of coke reserve. In today’s conditions, its 30 % exploitation is estimated as a reachable limit.  

3. CONCLUSION 

The injection of material waste into blast furnace is applicable both old and new blast furnaces. The injection 

relates to cost savings, improved production and decrease in CO2 emissions. The paper reviewed 

possibilities of hydrocarbon waste exploitation in iron-making process. All these waste materials are able to 

be a partial alternation of coke. Their application is only limited by technological parameters of blast furnace 

process.  
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Abstract 

The OECD methodology expands the concept of innovation into the area of organization and marketing and 

determines relationships with other companies in the course of the innovation process. The fundamental 

change was the inclusion of companies found in lower research-development activity areas into studies. For 

the Polish companies and economy, innovativeness is a sine qua non condition for achieving a favourable 

position in the world economy in the future. This issue is of particular importance today as Poland attempts 

to match the innovativeness of the EU economy. The article describes methods of managing innovation in 

metallurgical companies in years 2009-2012. 

Keywords: metallurgy, management, innovation, Poland. 

1. INTRODUCTION - WORLD PRODUCTION OVERVIEW 

Total crude steel production for the 62 countries reporting to the World Steel Association in January 2013 

was estimated to be 125 million tons, which was an increase of just 0.8 % on January 2012. If China is 

excluded, the remaining 61 countries showed a 2.4 % decrease in crude steel production. 

In the European Union crude steel production for the 27 in January fell by 5 % on January 2012 to 13.5 

million tons. In Germany, however, steel production rose by 5.4 % to 3.5 million tons, while Italian production 

decreased by almost 20 % to 1.8 million tons. French steel production fell by 1.3 % to 1.4 million tons, while 

Spanish steel production was down by 2.5 % to 1.1 million tons. In the UK, on the other hand, production 

increased by 23.5 % to 828 thousand tons. 

Steel exports by the 27 European Union countries outside the EU have shown a gradually rising trend from 

about 3 million tons in the first half of 2010 to about 3.5 million tons in the last half of 2012. Imports, on the 

other hand, have been much more variable averaging just under 2.5 million tons in 2010 peaking to 3.9 

million tons in May 2011 and then dropping to 1.7 million tons in December 2011 before rising to 3 million 

tons and then falling again during 2012. Trade within the European Union showed an almost identical trend 

between exports and imports with exports averaging 8.7 million tons over the three years period and imports 

averaging 8.4 million tons. 

Germany is the largest importer of steel in the European Union, but in 2012 its imports dropped by 15.4 % to 

22.9 million tons, although this was just above the 2010 total. 87 % of Germany's imports in 2012 came from 

other EU countries, notably Italy, Belgium and France.  

Outside of the European Union, steel production in Turkey decreased by 8.8 % to 2.9 million tons, while 

Bosnian production rose by one third - to 61 thousand tons. Norwegian steel production fell by 4 % to 60 

thousand tons. Turkish exports of steel rose by 10 % in 2012 to 18.7 million tons, while their imports 

increased by 11.6 % to 11.5 million tons. There was a sharp rise of 55 % in the imports of semis in 2012 to 

3.4 million tons, particularly in slabs, although the majority of semis imported were billets. 

In Russia crude steel production was down by 5.7 % compared to January 2012 at 5.7 million tons, while 

Ukrainian production fell by 4.4 % to 2.7 million tons. Steel production in Kazakhstan fell by almost one half 

to 170 thousand tons. Russian steel exports rose by 8 % in 2012 to 26.7 million tons over half of which was 

mailto:sbakalarczyk@gmail.com
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semis, which rose by 18 %. Russia's largest market was the EU27 taking 11 million tons (41 %) followed by 

Asia at 5.6 million tons (21 %). Exports to the Middle East fell to 2.5 million tons (9.4 %). 

In North America January crude steel production decreased by 3 %, with US production down by 5.8 % to 

7.3 million tons. Canadian steel production showed a slight rise of 1 % to 1.2 million tons, while Mexican 

production rose by 5.6 % to 1.55 million tons. US imports of steel rose by 16.9 % in 2012 to 31.5 million tons 

following a 19.4 % rise in 2011. In fact the 2012 total was the highest since the 2006 peak of 42 million tons. 

Nearly 7 million tons of the 31.5 million in 2012 were semis with a further 5 million tons of welded tubes. 

Although Canada supplied 17 % of US imports in 2012, some 10 million tons, or 31.5 %, came from Asian 

countries, particularly South Korea, Japan and China. Brazil accounted for 11.5 % of total imports in 2012 

with Mexico a further 8 % and Russia 7 %. 

South American crude steel production fell by 3.2 % in January, with Brazilian production down by 6.1 % to 

2.6 million tons. [12] Argentinian steel production dropped by 19 % to 321 thousand tons, while Venezuelan 

production jumped by 47 % to 250 thousand tons. In South Africa steel production was estimated to be 570 

thousand tons in January, 4.5 % below the previous January. However, in Egypt, production increased by 15 

% on January 2012 to 590 thousand tons. In the Middle East Iran's steel production was down 10 % to 1.1 

million tons while Saudi Arabia only showed a slight decline to 463 thousand tons. Asian crude steel 

production for the five major countries in January was up by 4 % with only South Korea showing a drop. 

China's increase was 4.6 % to 59 million tons, while Japanese steel production rose by 2.7 % to 8.9 million 

tons. Indian steel production increased by 3.8 % to 6.6 million tons, and Taiwanese production was up by 5.4 

% to 1.8 million tons. South Korea, on the other hand, showed a slight drop in steel production to 5.75 million 

tons. [11] 

2. MANAGING INNOVATION 

For the Polish companies and economy, innovativeness is a sine qua non condition for achieving a 

favourable position in the world economy in the future. Even now, when Poland is a member of the European 

Union [1, 6], the economy of which surpasses the Polish economy with respect to innovativeness, this issue 

is particularly important. It can generally be stated that management of innovations in prosperous countries 

has the following characteristics: 

 Economy - national/European GNP per inhabitant is above the average, high exports - an open region 

and high innovativeness, a diversified structure of the economy and industry, the significant presence 

of high-tech industries, well-qualified workforce. 

 Expenses on R&D - the predominance of expenses on R&D by private companies, the region, 

producer and user of technologies. [4] 

 R&D infrastructure - strong and diversified research resources, the structure of intermediary 

institutions adapted to the needs of the economy. 

 Policy - a clear pro innovative strategy and policy based on social consultations, orienting the system. 

The majority of organizational units currently functioning in developed countries demonstrate four main 

challenges, such as [2]: 

 Globalization and the freedom of capital flow, which orients an enterprise to the generation of value for 

the shareholders.  

 Market maturity, which results from competitiveness based on effectiveness and innovation. 

 The consumer’s force, which increases and by means of which the consumer expresses its 

expectations and participation in a better world and is supported by corporate culture. 

 Innovativeness expressed by the ability of an enterprise to introduce changes in marketing and 

organization. 
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In the managing of business, definite solutions of legal, organizational, economic and informative character 

occur, which are in invariable reciprocal relationships that affect the course of the management process. 

Nowadays, no one should question Drucker’s statement, formulated twenty years ago, that “there are no 

undeveloped countries, there are only countries of undeveloped management” and “the only constant thing 

is change”. [5] 

The contemporary management of an enterprise is characterized by: 

 The orientation towards company’s value; 

 The market orientation taking into account the client’s expectations and the competition; 

 The developed relations with the environment, which constitute a dynamic-interactive system; 

 The creation of a model of a network, which takes into consideration three interrelated elements: 

subjects - actions - resources. Their reciprocal relations, supported by information technology should 

stimulate the development of a company; 

 The creations, in enterprises, of factors stimulate the development of Innovation such as information 

and knowledge. The manifestation of their development is the generation of new ideas and the 

effectiveness of processing them into marketing, organizational and financial innovations.  

All the changes occurring in the environment have an effect on the company’s activity. The proper 

recognition of these changes and their tendencies enables a company to adapt to the conditions prevailing 

on the market. There is one important fact lying at the foundations of business management that should be 

well understood by managing boards; the fact that only those organizations which will appropriately adapt 

themselves the contemporary business environment can survive and not lose a chance of development. 

3. CHARACTERISTIC OF THE POLISH MARKET 

Domestic steel production rose by almost 30 % y/y in H1/2012 to nearly 4.7mn tons, while steel consumption 

grew by 18 % to 4.1mn tons, according to the estimates by Polish Steel Association (HIPH). During 2012, 

steel output dropped by 31 % and reached 7.1mn tons. Demand for metallurgical products and their prices 

dropped sharply as well. The total consumption of steel last year amounted close to 7mn tons, the lowest 

level in ten years. 

 

 

 

 

 

 

 

 

Fig. 1 Metallurgical sector structure in Poland    Fig. 2 Production of steel and copper in  

                    Poland thousand tons) 

Source: own, data Central Statistical Office (GUS)  

In year 2012 steel mills increased production encouraged by growth in prices and economic recovery, 

though as statistics show, they somewhat overestimated demand. As a result, mills have excessive stock 

and output's dynamics is likely to decelerate in H2/2011. Nonetheless, in the whole year, a significant rise 

will be reported. According to the Association's data, 62 % of domestic consumption is covered by imports, 
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which rose by 17 % in H1. At that time, exports increased by 23 %. Steel imports exceeded exports by 

0.7mn tons. In value terms, negative trade balance amounted to PLN 4.0bn. 

Metallurgical industry is one of the most significant branches of processing industry that deals with 

preparation of extracted ores to receive pure metal thereof, refining of metals, their heat treating, chemical 

and heat treating (quenching, etc.), modelling to give them specific shapes, and alloy production. 

Metallurgical industry may be broken down in ferrous and non-ferrous metallurgy. [9, 10] 

In Polish conditions a large majority of metallurgical production is constituted by steel (Fig. 1 - 91 %). Copper 

production is also noticeable (7 %). The share of other metals in the sector amounts to 1 %. 

In 2011 production of steel increased by 7.2 % which indicated continuation of a trend from 2010 (increase 

by 12.3 %). Despite a production growth in the last two years, it did not return to the level from before the 

crisis in 2009. The future development depends to a large extend on the condition in the automotive industry, 

which is the key recipient of the Polish steel sector (Fig. 2). Forecasted production growth in this sector, in 

years 2011-2015, amounts to 5 % a year. Increasing prices of electrical power, which constitute for a large 

part of steel works costs, create a significant threat. A higher excise duty on electricity entails lower 

competitiveness of Polish companies, in particular those applying EAF technologies. The output of the 

copper sector in turn was more stable in the last two years, despite the condition of the world economy. 

Yearly production of this metal in Poland amounted to 550 thousand tons. [5] 

4. CONCLUSIONS 

Poland in the time of accession to the EU was forced to restructure steel companies in order for them to 

properly prepare to operate under conditions of the Community economy. Therefore, the beginning of 21st 

century was the time of changes in economic and development characters, whose continuation was 

supposed to take until now according to the program of Restructuring and Development of Steel and Iron 

Industry in Poland until 2006. [8] Reduction in prices for steel products in 2005 caused short-term downturn 

in steel sector, which was considerably improved after a year, when supply to Chinese market rose 

dynamically. In the beginning of 2008, economic crisis emerged in steel market, thoroughly changing 

strategy of operation of steel companies and their agents. Sudden slump in demand for steel products in 

2009 limited production size and caused the decrease in the level of employment. The resultant material 

reserves caused that initial rise in steel prices slowed down. The collected inventory posed a considerable 

obstacle to increasing prices for steel products, posing threat of financial loss in the sector. Rise in energy 

prices made it impossible for Polish steelworks to get out of the crisis, limiting its competitiveness in relation 

to steelworks from the EU region. In order to reduce costs, a number of steel enterprises decided to close 

their coke plants and shut off some furnaces [3, 7]. Other possibilities of cost cutting are mentioned e.g. in 

articles [13, 14]. 

Downward tendency in steel sector was considerably higher than in the case of other branches of the 

industry, where crisis was characterized only by a slowdown. However, in consideration of the decision 

about sector reorganizing in 2012, one can assume that the future of steel sector shows great promise for 

the domestic economy. Current and future projects and investments in infrastructure and construction 

impose high requirements on the levels of steel supply and provide an opportunity for revival of Polish 

metallurgy industry. 
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Abstract  

This paper investigates the level and evolution of productivity (total productivity and partial productivity). The 

investigation is done on the sample of selected Czech metallurgical enterprises and it uses the time period 

2006-2011 which allows the comparison of development before crisis period and during crisis period. It 

discovers the reaction of these companies during crisis. The paper identifies and analyses the value 

productivity which is an indicator of level and changes in technical economic efficiency of production factors. 

This is an important factor in achieving enterprise objectives. This paper works with the contemporary 

concept of value productivity which means indicators of the productivity expressing the effect of economic 

efficiency not only of inputs consumption, but also of inputs binding efficiency. The inputs consumption is 

expressed as a relation of output value and accounting costs. The inputs binding efficiency is expressed as a 

relation of output value and binding costs, derived from costs of total capital.  

Keywords: Value Productivity, Economic Efficiency, Czech Republic  

1. INTRODUCTION 

In practice, the management still use exclusively the traditional criterial apparatus developed to support the 

functional (operational) optimization, based on a narrow conception of efficiency, although that does not 

meet the needs of a consistent process optimization in the contemporary sense (e.g. criterion return on 

costs, return on sales or labour productivity) [1]. The deficiency of this traditional criterial apparatus can be 

detected especially in insufficient information record of levels and changes of tied-up capital and in the 

unsystematic, respectively inconsistent, approach to capturing the impact of substitution of inputs and 

possibly of outputs as well. The criterial apparatus, meeting current and future business needs in the 

production management, should be based on the rigorous reflection of productivity (especially total 

productivity) and other factors of the EVA creation and should include factors' differentiation because it 

allows direct management at causes and process optimization.  

Extensive recent survey among Czech companies performed in 2007 [2] proved the corporate interest in the 

productivity measurement, including new approaches as well. 94 % of respondents evaluate productivity 

while 74 % of the same respondents measure only the traditional labour productivity. Already 20 % of 

respondents answered in 2007 that they have used the new approach (or at least one of its elements) 

measuring total productivity (TFP) in the connection with the EVA analysis.  

The need of (total) productivity indicators arises from the need to know (=distinguish) what the effects of 

changes are in the technical-rationality of the production processes, which is just expressed as productivity. 

The main aim of this paper is to identify the level and development of productivity, expressed as total 

productivity as well as partial productivity, of selected metallurgical enterprises in the Czech Republic in the 

time period 2006-2011. The effort is to show the development before the "crisis" and during the crisis, 

respectively the reaction of these enterprises in the last crisis period. Another paper objective is to provide 

methodological tools for determining the value productivity in the contemporary sense. It means productivity 

indicators representing economic efficiency effect not only of the consumption of inputs (based on output 

value and accounting costs), but also of inputs binding (based on output value and the costs of binding 

depending on the amount of total capital employed). 

file:///C:/Users/konference/AppData/Local/Temp/jiri.klecka@vse.cz
file:///C:/Users/konference/AppData/Local/Temp/dagmar.camska@vse.cz
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2. METHODOLOGICAL BASE 

The productivity can be generally defined as the efficiency of using production factors in manufacturing, or 

widely in a production process, whose results are tangible as well as intangible outputs [3]. The productivity 

can be discussed on the macro economical level, detail in [4], or on the level of enterprises, detail in [5]. In 

this paper we aggregate enterprises' productivities on the level of industry branch and it could be called as 

mezzo economic productivity. 

We can distinguish between two types of productivity ratios [6] - total and partial productivity. Total 

productivity is expressed by the equation 1 and partial productivity by the equation 2. 

input total

output total

                                                           (1) 

input partial

output total

                                         (2) 

The equations 1 and 2 are to general and this pattern is not usable for available variables. The productivity 

ratios have to be modified and specified for fulfilling the paper aim how it is done in the following parts.2. 

2.1. The total productivity ratio 

The total productivity ratio has to take into account all types of outputs as well as inputs. The value of inputs 

should be expressed as the costs of consumption (and appreciation) as well as costs of binding 

(components of assets, converted to flow-related capital costs). 

inputs of binding andn consumptio of Costs

revenues Total
 ty productivi Total 

           (3) 

assets Total 
-1

  interests - g)(accountin costs Total

 inputs of binding andn consumptio of Costs





t

WACC

      (4) 

The ratio 3 represents a modification of variables whose differential expression is close to the economic 

profit, respectively the indicator EVA - Economic Value Added. In this paper we work with the wide concept 

of variables. The production and production factors are expressed in the widest sense - not only operating, 

but also financial and extraordinary activities.  

2.2. The partial productivity ratios of inputs consumption 

The partial productivity ratios are focused only on the selected production factors (inputs). The experimental 

part is based on following rations and equations. 

inputan  ofn consumptio of Costs

revenues Total
 input an  of ion)(depreciatn consumptio ofty Productivi   (5) 

The costs of consumption are evaluated as the difference between total accounting costs and interests of 

debts. The equation 6 contains narrower revenues because the inputs (material and energy) are also 

narrowed and using only the main part of revenues increases the explanatory power. Operating revenues 

are used also in other presented indicators (7, 8, 13). In the case of labour productivity (equation 9) the 

operating revenues are even narrower because the numerator is expressed as value added. This shape of 

the formula is used in the theory and practice for decades. 

energy and material of Costs

revenues Operating
 energy  and material ofn consumptio ofty Productivi    (6) 
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assets intangible and  tangiblefixed ofon Depreciati

revenues Operating
 

 assets intangible and  tangiblefixed of ion)(depreciatn consumptio ofty Productivi





  (7) 

binding assets intangible and  tangiblefixed of Costs onDepreciati

revenues Operating
 

assets intangible and  tangiblefixed of binding and ion)(depreciatn consumptio ofty Productivi






(8) 

The above mentioned costs of binding are expressed as WACC*(1-t)-1 multiplied by the value of fixed 

tangible and intangible assets. 

employees ofNumber 

Added Value
 ty productiviLabour         (9) 

2.3. The partial productivity ratios of inputs binding 

The binding productivity ratios introduced in the following equations are focused on total inputs, fixed 

tangible and intangible assets, current assets and inventories. The costs of binding used in the denominator 

of formulas are expressed together at the end of the sub-part. 

binding inputs of Costs

revenues Total
  binding inputs ofty Productivi        (10) 

binding assets intangible and  tangiblefixed of Costs

revenues Total
 

 binding assets intangible and  tangiblefixed ofty Productivi





     (11) 

binding assetscurrent  of Costs

revenues Total
  binding assetscurrent  ofty Productivi      (12) 

binding sinventorie of Costs

revenues Operating
  binding sinventorie ofty Productivi      (13) 

The cost of binding are expressed as WACC*(1-t)-1 multiplied by the value of examined assets (equation 10 - 

total assets, equation 11 - fixed tangible and intangible assets, equation 12 - current assets and finally 

equation 13 - inventories).  

3. EXPERIMENTAL PART 

The experimental part is based on the data sample obtained from the corporate database Albertina. This 

data sample enables to analyse 85 metallurgical companies operating in the Czech Republic. The criteria for 

selection were belonging to the branch “Manufacture of basic metals”, called as CZ NACE 24, and the total 

annual turnover exceeding 50 million CZK. The original sample consisted of 88 companies but 3 companies 

were excluded because of their discontinuous development. These 85 companies had the aggregated value 

of total assets 139 515 329 000 CZK and employed 34 847 workers together in the year 2011. 

The choice for indicators used in the analysis has been a compromise between the paper's aim presented as 

a reflection of the value productivity in the contemporary concept and limited data availability. The 

contemporary concept uses the productivity indicators expressing economic efficiency effect not only of the 

consumption of inputs (based on output value and accounting costs), but also of inputs binding (based on 

output value and the costs of binding depending on the amount of total capital employed). 
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The limited data availability, mentioned above, caused that we did not have detail specified data for the 

analysis of the development of the value productivity in the Czech metallurgical industry. One way is to use 

static indicators of value productivity but these indicators do not have a greater explanatory power than the 

classical and even in practice more used indicators of financial analysis (as it was used by [7]. On the other 

hand, the dynamic indicators of productivity, which reflect the development in two or more time periods using 

the index or difference comparison, have also the potential to show the economic value of the effects of 

changes in productivity separately from other factors creating value, such as changes in production volumes 

and price changes. For this detailed analysis micro economical input data are required. These data are 

represented by inputs and outputs expressed not only in financial value but also physical volumes. For 

further information about this approach and relevant indicators look in [1]. Such specified data are not 

available on the level of the industry because data inputs should come from the corporate level (micro level 

of each company in the sample).  

The effects of price changes and the impact of changes in production volumes were removed at least partly. 

The target was achieved by selecting only productivity ratios and comparison of indices. The effects of prices 

were partly compensated as much as it is a similar trend in input and output prices. Further the effect of 

prices was moderated thanks to the fixation of the value of binding costs. This contribution uses constant 

rate of the inputs binding costs for all reporting periods. This constant rate is equal to WACC for the year 

2011 for manufacturing industry whose value was taken from [8]. The constant value of WACC is 13.66 % 

and the level of taxation is equal to 19 %. 

For the expression and development of productivity, we used standard time base indices and standard time 

chain indices, whose specific content is evident from the table headings in the chapter Results. 

4. RESULTS 

Results obtained by the deep analysis are presented in following Figs. . Fig. 1 displays the total productivity. 

The peak was in the year 2006, on the other hand the bottom was reached in 2009. Gradual improvement 

can be seen in the years 2010 and 2011. These changes were probably because of lower demand which 

caused reducing of quantities produced and sold. The development of the value of output (total revenues), 

the value of inputs (the value of consumption and binding) and their difference called as modified EVA can 

be seen in the Fig. 2. The economic profit decreased from 1.4 billion CZK in 2006 (in tax free format) to a 

negative value of -21.2 billion CZK in 2009 and the economic loss was moderated (-18.2 billion CZK in 2010 

and -17.2 billion CZK in 2011). This indicator is stricter than the traditional gross (accounting) profit (EBT) 

which was negative only in 2009 (20.9 billion CZK in 2006, 20.3 billion CZK in 2007, 13.3 billion CZK in 

2008, -0.8 billion CZK in 2009, 4 billion CZK in 2010 and 5.6 billion CZK in 2011). 

The changes of productivity are shown in Figs.  3, 4 and 5. The changes of productivity are expressed as 

base indices (year 2006 = 100). It is possible to view and compare different significant decrease and 

subsequent various fast recovering of different types of productivity in the context of the crisis around the 

year 2009. Curves containing similarly large slump as the curve of revenues indicate a low flexibility of these 

production factors. This shape of the curve is typical for the labour productivity or the productivity of the use 

of fixed assets. On the other hand, curves which are flat show greater flexibility of their production factors. 

The flatter shape is characteristic for the productivity of material consumption or energy consumption. 

Evaluating these differences we must not forget the fact that these characteristics are relative. The influence 

of each production factor does not depend only on the flatter or deeper and faster or slower response but 

also on the consumed amount of the factor (expressed as costs or share of these costs on the total costs). 

This difference can be seen in the different value of consumption and costs of binding (owning of assets). 

For example, the average share of costs of consumption on the costs of consumption and binding of inputs 

was 86.8 % in the whole analysed period. It co-determines significant differences in the impact of changes 

these partial productivities on the absolute enrichment or impoverishment. 
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Fig. 1 Total productivity (The value of output in CZK / the value of consumption and binding of inputs in CZK) 

 

Fig. 2 Revenues, costs of consumption and binding and modified economic profit (in thousand CZK) 

 

Fig. 3 Total productivity changes (base indices, the year 2006 = 100) 

 

Fig. 4 Changes of total productivity, input consumption and binding productivity (base indices, the year 

2006 = 100) 

5. DISCUSSION 

The results of the analysis proved that some production factors were more fixed and others more variable in 

the analysed time period and industry branch. This conclusion is not surprising because the factors which 

are traditionally perceived as fixed were even more fixed due to the time period and the industry branch. We 

can come to the same conclusion in the case of variable factors. The evidence of this kind may be 

significantly beneficial in the case of a comparison among companies or different parts of the same 

enterprise. It is not included in this paper because of its page limitation but it opens future possibilities for an 

additional research. 
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6. CONCLUSION 

This paper described the level and development of productivity in the metallurgical industry in the time period 

2006-2011. This time period is specific because of the start, duration and consequences of the last global 

economic crisis. The difference of this paper in comparison of other contributions is that this paper did not 

use the traditional criterial apparatus and the narrow concept of efficiency. Instead of traditional financial 

ratios or static indicators of productivity it reflects the value productivity in the contemporary concept. 

Calculated indicators took into account also changes in price and physical volumes. Although this analysis is 

typical for the micro level (the level of an individual enterprise) this contribution proves that the analysis with 

the explanatory power can be done also on the level of one industry branch.  

Another paper objective was providing methodological tools for determining the value productivity in the 

contemporary sense. These methods and tools were presented and after practically implemented in the 

analysis. 
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Abstract 

Global industrial growth remains sluggish due to the ongoing economic recession in Europe and its growing 

impact on emerging industrial and developing economies. As global manufacturing output decelerates 

companies alter their financial strategies. These changes impact current operations and strategic objectives 

of businesses operating in industrialized and developed countries. The author provides for a benchmark 

analysis of metal manufacturing companies in Poland, focusing on recent changes in financing structure and 

profitability. 

Keywords: basic metals, benchmark analysis, economic downturn, Poland 

1. INTRODUCTION 

While renewed growth in 

manufacturing seems imminent the 

global economic recovery faltered in 

2011. Steel manufacturing has 

recovered since 2009 and in 2011 

production (measured in thousand 

tons) has surpassed the levels from 

before the crisis (Fig. 1). 

Unfortunately global recovery is not 

evenly spread as both EU and North 

America continue to decrease their 

market share. In 2011 production 

quantities were still below those 

before the crisis (Fig. 2). Dynamic 

growth in share of global production 

of Asia and Oceania has stopped in 

2010 and 2011 but measured in tons, 

production is growing. 

2. BENCHMARKING 

During economic crisis investors may expect that companies underperform (compared to previously 

assumed forecasts). During recovery investors will seek to identify the companies that provide superior 

performance (competitive strength), which is identified by comparing company’s key financial performance 

indicators in time and against those of similar companies and within the given industry. Companies able to 

convince investors of their superiority will be provided with funding, and will be able to exploit opportunities 

arising from changes in recovering markets. 
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Fig. 1 Global production of steel (in thousand tons) 

Source: own based on World Steel Association data 
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Most financial performance 

measurement methods, which are 

commonly used today, were 

developed at the beginning of the 20th 

century [1]. Currently managers and 

investors use various methods to 

analyze the information provided in 

companies’ financial statements. One 

of popular methods of analyzing data 

in financial management is to 

calculate financial ratios. Ratios can 

be used in benchmarking, forecasting 

and planning. Although in 

management financial ratio analysis 

has been supplemented to include 

non-financial measures such as 

market share, customer satisfaction 

or product and process properties 

[2,3] financial measures usually form the structure of a consistent analysis. 

In management benchmarking can be defined as the process of measuring products, services and practices, 

processes and entire businesses against competitors, leaders and industries to gain information, which will 

help the organization to plan actions aimed at improving its performance. 

In essence, benchmarking provides a management tool for corporations to measure and compare any 

element of its activities against the best to identify its weaknesses and strengths [4]. 

Lema and Price [5] argue that for benchmarking to be applied successfully an organization has to: 

 accept that it requires to change and improve its performance, 

 accept that it can learn from others, 

 be willing and capable of changing its policies and strategies. 

Benchmarking is therefore oriented not only at planning and organizing but also at introducing innovative 

ideas to an organization. [6] 

Financial ratios are well established in the theory of financial management. The problem is which ratios 

should be used in which period to provide most interesting conclusions for managers. 

3. DATA DESCRIPTION 

Dataset is based on survey data published by the Polish Central Statistical Office (GUS). The survey covers 

economic entities with 10 and more people employed. Manufacturing refers to NACE section D. Manufacture 

of basic metals refers to NACE section D code 27 (Table 1). Dataset has been limited to include the period 

2006 - 2011 in order to emphasize (rather than dilute) the effects of the current economic crisis. 

Table 1 Number of entities covered by the dataset 

 

2006 2007 2008 2009 2010 2011 

Number of companies 259 267 276 263 256 272 

Source: own, data Central Statistical Office 
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Fig. 2 Share of European Union (EU 27), North America and Asia 

and Oceania in Global production of steel (in percent) 

Source: own based on World Steel Association data 
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4. DEFINING KEY MEASURES IN A CHANGING ENVIRONMENT 

Basic metal manufacturing companies 

suffered from a decrease in revenues in 

2009 (Fig. 3). In 2010 revenues 

increased and in 2011 reached higher 

values then before the crisis.  

Profitability has not recovered to the 

levels recorded before the crisis (Fig. 2). 

This is more visible in Return on Sales 

(ROS) ratio (Fig. 4), which is calculated 

as Net Profit divided by Revenues. 

Major changes in revenues are usually 

accompanied by substantial changes in 

net working capital (NWC) ratio, 

calculated as current assets minus 

current liabilities (Fig. 5). Comparing Fig. 

3 with Fig. 5 it’s relatively easy to spot 

that in 2010 net working capital grew 

faster then revenues.  

Net working capital in days (calculated as 

net working capital divided by daily 

revenues) provides for even clearer 

picture (Fig. 6). The ratio increased from 

43 days in 2011 to 64 days in 2010. 

Current assets include cash, receivables 

and inventories. Decreasing revenues 

result in lower receivables unless 

managers have problems collecting 

money from the clients. Some companies 

may find it difficult to adjust inventories 

(materials, work in progress and finished 

goods) especially when decrease in 

revenues is difficult to forecast [7]. In 

2010 basic metal manufacturing 

companies had problems with 

inventories [8]. Days of inventories 

outstanding ratio (DIO) ratio increased 

during the crisis from 50 days to 58 days 

in 2010 (Fig. 7). This is a result of 

optimistic forecasting and aggressive 

planning.  
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Fig. 3 Revenues in Polish basic metal manufacturers, 2006-

2011 (in MPLN) 

Source: own based on Polish Main Statistical Office data 
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5. CONCLUSIONS 

It’s difficult not to come to the conclusion that Polish basic metal manufacturing companies need better 

economists. Major changes in ROS, NWC and DIO ratios seem to suggest that these ratios are crucial for 

this industry in this period. Vast changes in financial standing of basic metal manufacturers indicate that 

managers should gather and carefully analyze financial data of competitors to benchmark their performance 

and position. These results are also interesting for researchers as factors inducing management decisions in 

prolonged economic downturn conditions are to a large degree unknown. 
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Abstract 

The article focuses on provisions in the metallurgical industry in the Czech Republic before and during the 

financial crisis. The provisions are briefly characterized as an accounting category with an emphasis put on 

their role in the metallurgical industry. The statistical analysis compares the size of provisions before and 

during the crisis. The provisions are then considered in relation to other financial ratios, indexes of 

development of economy and accounting categories (e.g. equity or sales). Based on the findings, a time 

series analysis of provisions and ratios is presented. Provisions are a sensitive accounting category and can 

be used for adjustments of profit and debt ratio. For this reason, the article analyses the changes in 

provisions in relation to the crisis and assesses the adjustments made before and during the crisis. In its next 

part, the article presents the provisions under special legislation (such as the Act 563/1992 Coll. and others). 

These provisions are compared with short term financial assets and accounting provisions. More focus is 

placed on the accounting provisions, especially on their size, development. The accounting provisions are 

shortly examined as an accounting category as well. A great attention is paid especially to the question of 

disclosure and the lack of information provided. Finally, the provisions for pensions and similar payables and 

Income tax provision are analysed briefly as well. 

Keywords: Provisions, CZ GAAP, Financial analysis, metallurgy, financial crisis 

1. INTRODUCTION PROVISIONS AND FINACIAL STATEMENTS 

Provisions are an accounting category, which can be influenced very easily because of its very nature [1]. 

The IAS 37, IN 2 [2] defines the provisions as “liabilities with uncertain timing or amount”. The uncertainty is 

at the base of all provisions because all of them are just estimated. The documentation is often a mere 

calculation of a specialized department or an estimate of an expert. Therefore, the potential of influence is 

not negligible and the companies are in position to use provisions in order to influence the reported financial 

position of the company [3], [4]. The article offers an analysis of provisions in metallurgical industry in the 

Czech Republic. The goal of the article is to determine the use of provisions in the metallurgical industry and 

to examine the dependence of provisions on the economic situation of companies. Provisions were not 

analysed in broad terms [5] but rather in the context of particular case of metallurgical industry in the Czech 

Republic. 

The analysis uses data especially from [6]. The data were obtained for CZ NACE 24 and were adjusted. The 

research is based on 1783 individual records. As the information related to Czech metallurgical companies is 

available only according Czech GAAP, the analysis will be done according to the Czech GAAP (therefore it 

won’t be possible to study the long-term provisions, for example). The period for research is between year 

2004 and year 2011 and a small sample in 2012. The choice of the period enables us to judge the general 

trend and the influence of financial crisis. All the analyses are prepared on the level of individual records and 

the ratios are counted. Due to the methodology, each record could be counted with the same significance. 

The geometrical mean is used for counting of most of the ratios. 

mailto:michael.bobek@gmail.com
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2. PROVISIONS AND THEIR DEVELOPMENT 

Provisions are parts of liabilities and represent the liabilities with uncertain timing and amount. It is not rule 

that the companies have to recognize a provision - it is dependent on their particular situation. Regardless, 

most of companies will have future expense due to the unused holidays. Provision is the best solution for this 

purpose. [7] Metallurgical industry is represented due to the long term investments and heavy industry 

production which is demanding on environment. This type of provisions should be used in metallurgical 

industry often. 

2.1  Number of provisions 

The research points to different results. The provisions were disclosed in less than half of financial 

statements in all individual years and the trend is further descending. The trend was stable only in 2004 - 

2006 (Table 1). Then, the descending trend started in 2007 and has continued till 2011. The pace of the 

descent is between 6 % and 12 %, the geometric mean is 9.92 % in this period. 

Table 1 The number of disclosed provisions (%), Source Authors´ computations, [6] 

Provisions 2004 2005 2006 2007 2008 2009 2010 2011 total 

disclosure 45.93 45.23 45.75 40.34 37.86 32.95 30.38 27.14 37.75 

without disclosure 54.07 54.77 54.25 59.66 62.14 67.05 69.62 72.86 62.25 

The disclosure of provisions was examined from the point of view of the company size. The companies, 

which disclose provisions, are usually larger. The lowest rate is in 2004 (the disclosing companies are 4.75 

times larger than non-disclosing ones), the highest in 2011 (30.13 times larger). The geometrical mean for 

this ratio is 8.47 for the period of 2004 - 2006 and 19.65 for the period of 2007 - 2011. 

The trend of provisions was compared to the statistical indexes of the Czech Republic [8] (its Gross domestic 

product and Industrial producer prices) and of the European Union [9] (GDP of Germany and of 27 Member 

States of the European Union). There was not any strong correlation to be found. 

Due to the detailed analysis of particular provisions, it was found out that the descending trend is typical for 

income tax provisions, provisions for pensions and provisions under special legislation. Only the accounting 

provisions seem to be stable. The accounting provisions make up about 24 % of all financial statements 

(counted as percentage of particular types of provisions in financial statements). This proportion oscillates 

minimally. The stable proportion is noticed for provisions for pensions (about 1 %) and tax provisions (3-

4 %). On the contrary, the descending trend concerns primarily provisions under special legislation. For the 

period of 2004 - 2007, the proportion is 23 - 24 %, however, after 2007, this proportion dives. The proportion 

in 2011 is only 5.03 % of all financial statements. This development could be explained by the promulgation 

of a new act [10] which requires saving money in the amount of the provision on a special bank account. The 

law started to came into force after December 31 2008. However, due to the tax legislation influenced the 

year 2008 as well. The amount of these provisions decreased all the time (73.39 % of amount of provisions 

in 2004, 27.79 % in 2011). The same is valid for ratio provisions under special legislation / bank accounts 

which was 57.76 % in 2009 and 9.72 % in 2011. 

The partial result is the company in metallurgical industry disclose provisions in less than 50 per cent and the 

number of financial statements which disclose provisions is decreasing during the period. The most often 

disclosed provisions are accounting provisions. The reason is decrease of provisions under special law.  

2.2  Amount of provisions 

The first part has presented the number of provisions which are disclosed in particular financial statements. 

This analysis focus on amount of disclosed provisions in particular financial statements. For detailed 

analysis, the companies were divided according to the largeness. 
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Table 2 Provisions / assets ratio (%), Source Authors´ computations, [6] 

Companies with assets 2004 2005 2006 2007 2008 2009 2010 2011 

less than 100 million CZK 5.46 4.04 5.02 4.34 4.54 2.58 2.75 3.12 

100 - 1000 million CZK 1.36 2.08 1.72 1.61 1.29 0.75 0.63 0.57 

more than 1 billion CZK 1.43 1.79 0.90 1.17 0.83 1.10 0.66 0.83 

all the records 2.49 2.67 2.30 2.08 1.73 1.14 0.86 0.86 

The importance of provisions in particular financial statements decreases according to the largeness of 

assets (Table 2). The importance is larger in smaller companies. On the other hand, the provisions are not 

so important for larger companies. The strongest influence was on the companies with assets less than 100 

million CZK. The amount of provisions fell immediately in 2009. The similar situation was for middle-size 

companies. The influence was not so important for the largest companies. However, the fall in 2009 is visible 

as well. This table tends to the result, that the financial crisis has an influence on the amount of provisions. 

However, the situation could be influenced due to the new act [10]. 

Table 3 Provisions without the provisions under special legislation / assets (%), Source Authors´ 

computations, [6] 

Companies with assets 2004 2005 2006 2007 2008 2009 2010 2011 

less than 100 million CZK 3.00 1.66 2.23 2.34 2.61 1.13 1.38 1.82 

100 - 1000 million CZK 0.80 1.12 1.05 0.86 0.68 0.60 0.52 0.54 

more than 1 billion CZK 1.35 0.89 0.49 0.75 0.63 0.81 0.78 1.17 

all the records 1.38 1.21 1.06 1.02 0.89 0.75 0.69 0.83 

After earmark of provisions under special legislation the fall of provisions is not so rapid (Table 3). There is 

the decreasing trend, however the fall in 2009 is not so visible (for the largest companies, the provisions 

increase even). Using the correlation on GDP and the ratio, there is a relatively thigh dependence for middle 

(coefficient 0.74) and small companies (coefficient 0.56). 

Table 4 Provisions / liabilities ratio (%), Source Authors´ computations, [6] 

Companies with assets 2004 2005 2006 2007 2008 2009 2010 2011 

less than 100 million CZK 9.04 6.78 8.06 7.16 6.84 5.66 3.55 2.65 

100 - 1000 million CZK 2.46 3.85 3.42 2.97 2.62 1.74 1.37 1.25 

more than 1 billion CZK 2.75 3.47 1.87 2.80 2.11 2.80 1.60 2.36 

all the records 4.37 4.78 4.25 3.92 3.37 2.65 1.72 1.75 

The ratio between provisions and liabilities shows the importance of provisions in liabilities (Table 4). During 

all the time is possible to see that the importance of provisions in liabilities decreased. The trend is most 

visible for companies with assets less than 100 million CZK. There is not any untypical fall in 2009, how it 

was seen for ration provisions / assets before correction. 

Table 5 Turnover of provisions, Source Authors´ computations, [6] 

Companies with 

assets 2004 2005 2006 2007 2008 2009 2010 2011 

less than 100 million 

CZK 162.05 341.95 90.57 97.62 100.65 158.84 167.96 254.38 

100 - 1000 million CZK 408.97 142.48 849.35 673.79 369.57 3 147.34 414.30 436.57 

more than 1 billion CZK 441.90 180.85 4 297.60 5 294.81 990.93 394.51 6 684.22 7 792.71 

all the records 306.09 236.76 1 090.66 1 450.88 427.90 1 741.27 1 891.06 2 813.43 
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The turnover ratio shows relatively non-follow trend, especially for the largest companies. Commonly, we are 

able to declare, that turnover of provisions accelerated (Table 5) (comparing 2004 and 2011). However, 

there are numerous exceptions (2005 and 2008 for largest companies etc.). Due to the analysis, it is 

possible to say that the provisions are not so important for largest companies. Comparing the previous 

analyses and this analysis, it is possible to say that the turnover is more influence by revenues than 

provisions. 

3. SPECIAL TYPES OF PROVISIONS 

3.1  Provisions for pensions 

Ryneš in [11] mentions that this group of provisions is prepared for the reform of pensions and is unused 

currently. However, the position for such a provision is prepared and there is possibility to disclose this type 

of provisions. According to [2], contributions for pensions and for faithfulness are appropriate for this position. 

On the other hand, the provisions like unused holiday or redundancy payment should not be disclosed in this 

position. The following analysis uses base of financial statements which disclose the provisions for pensions 

(Table 6). 

Table 6 Provisions for pensions compared with other financial indexes, Source Authors´ computations, [6] 

 

2004 2006 2007 2008 2009 2010 2011 

A 2.09 % 3.62 % 3.41 % 3.31 % 0.91 % 1.55 % 2.76 % 

B 100.0 0 % 100.0 0 % 34.00 % 67.57 % 31.60 % 47.74 % 29.82 % 

C 0.36 % 0.88 % 0.40 % 0.23 % 0.17 % 0.42 % 0.36 % 

D 0.21 % 0.67 % 0.26 % 0.15 % 0.16 % 0.28 % 0.36 % 

E 1 2 2 1 4 5 2 

F 0.62 % 1.00 % 0.87 % 0.42 % 1.56 % 1.95 % 1.01 % 

Explanation: A = Provisions for pensions / personal expenses, B = Provisions for pensions / provisions, C = 

Provisions for pensions / equity and liabilities, D = Provisions for pensions / Revenues from goods and 

production, E = Number of disclosed provisions, F = % from financial statements disclose provisions in 

details 

The research of provisions for pensions is influenced by the small number of financial statements which 

disclose such provisions. This confirms low significance of this category. On the other hand, the provisions 

for pensions are substantial part of provisions in financial statements which disclose these provisions. The 

companies, which disclose these provisions, create provisions for pensions in relatively important degree. 

This conclusion is support due to the ratio of provisions for pensions/personal expenses. The geometrical 

mean of this ratio is 2.29 %. The provisions are disclosed by larger companies especially - 59 % of financial 

statements were prepared by companies with more than 250 employees. We can conclude the provisions for 

pensions are disclose in minimal cases. However, when the company disclose these provisions, it is the 

important part of provisions. 

3.2  Income tax provision 

Income tax provision is special type of provisions which is used to disclose the difference between the 

advance payments for taxes and the expected amount of income tax (using the recommendation of [12]). 

[12] points out as well, that this positions is short-term estimated payable because there is certainty, the 

amount will be paid. Because of balancing according [10], the non-occurrence of this provision in financial 

statement is not a mistake. The ratios are computed only from records disclosing income tax provisions 

(Table 7). 
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Table 7 Income tax provision in comparison with other indexes, Source Authors´ computations, [6] 

 

2004 2005 2006 2007 2008 2009 2010 2011 geomean 

A 34.77 % 10.83 % 37.64 % 43.08 % 50.29 % 40.19 % 61.11 % 70.58 % 38.97 % 

B 73.33 % 

91.9 2 

% 69.8 2 % 39.70 % 35.65 % 74.62 % 51.71 % 33.46 % 55.18 % 

C 19,856.60 7,637.50 30,292.63 82,009.09 37,036.80 16,087.40 23,679.83 36,306.50  

Explanation: A = income tax prov. / provisions, B = income tax prov. / income tax current, C = Arithmetic 

mean of income tax. provisions (TCZK) 

The share of income tax provisions on provisions is relatively high. The increase trend is partially caused due 

to decrease of other provisions (especially provisions under special law). The arithmetic mean shows, that 

the income tax provisions fall in 2008 and 2009, which indicates the influence of financial crisis. According to 

the ratio, the crisis influenced Czech economy most deeply in 2009 and 2010 which is comparable with [13]. 

The ratio income tax provisions / income tax current could be used as an indicator of appropriateness of 

estimates. The untypically high number indicates that there was expected worse development, than it was.  

It necessary to notice, that 16 financial statements (22.54 %) were excluded. They had obvious problems like 

higher income tax provisions that current income tax etc. This percentage expresses the amount of mistakes 

in financial statements in point of view of income tax provisions. 

4. RESULTS OF RESEARCH 

The research of provisions in metallurgical industry discovered, that the number of provisions which are 

disclosed, is smaller than 50 % of all financial statements. Moreover, the trend of the disclosure is 

descending. The number of provisions is influenced especially due to the decreasing of provisions under 

special legislation. Companies have a tendency to disclose only one type of provisions. Disclosing of 

provisions is typical especially for the larger companies. In 2004 were dominant both accounting provisions 

and provisions under special legislation. In 2011 were dominant only accounting provisions.  

The amount of provisions is sinking as well. However, it was discovered that the reason is decrease of 

provisions under special legislation. The influence of financial crisis was discovered only for small 

companies. The amount of provisions sinks rapidly in 2009 and 2010 without any reason. We suppose the 

amount of provisions should growth in the time of crisis because of appearance of old unsolved problems. 

Therefore we assume there is potential for influence of profit due to the treatment with provisions. 

Furthermore, it was discovered that the proportion of provisions is higher for smaller companies. The income 

tax provision is relatively high and it is influenced due to the financial crisis. There were found out 22.54 % 

mistakes in case of income tax provisions. The provisions for pensions are used minimally. In the case of 

occurrence, the larger companies disclose them.  
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Abstract 

This paper focuses on the main trends in corporate financial health relative to the metallurgical industry in 

selected Central European countries. The classical tools of financial analysis are used to determine fiscal 

health. From a wide range of tools, liquidity and profitability are selected, as they illustrate the pro-cyclical 

nature of the metallurgical industry. The trends are determined and analysed both during the pre-crisis and 

crisis periods. Due to the financial crisis there is a severe decrease in the demand for metallurgical products. 

In the Czech Republic the reduction occurs predominantly in the decrease of the return on assets and 

growth of liquidity in 2008 and a minimal decrease in the rest of the crisis period. This paper determines the 

main trends of liquidity and return ratios among selected Central European countries. It contains detailed 

analysis of the national specific trends as well as the main trends in the metallurgical industry in the Central 

European region. The main national trends are compared with the country-development and the region. The 

main indicator of economic development, GDP, is used and the correlation analysis of the GDP growth ratio 

and return on assets respective liquidity is performed. The results are a statistical analysis, in addition to an 

evaluation of industry’s ability to cope with the crisis. There is a strong link to the efficient liquidity 

management as well. 

Keywords: Liquidity, return ratios, financial health, metallurgy 

1. INTRODUCTION 

This article focuses on the main trends in profitability and liquidity in the metallurgical industry. For the 

purposes of this article, the authors categorize the metallurgical industry using the Statistical Classification of 

Economic Activities in the European Community (NACE), Rev. 2, as the group 24 - Manufacture of basic 

metals [1].The research focuses on selected countries in Central Europe. In profitability the classical return 

on assets, return on equity and return on sales; in liquidity, the common current ratio, quick ratio and cash 

ratio were used. 

Profitability and liquidity are analysed to determine the main trends in the Central European region and 

among the selected countries. This is important information as to the company’s ability to cope with the 

financial crisis, its liquidity management and strategic decisions. KULA et al. [2] report a decrease in the 

return on assets and growth of liquidity in the first year of the crisis (2008) and a minimal decrease in the rest 

of the crisis years. Since KULA [2] uses Albertina, a report database and a different methodology, the 

authors therefore, present a different set of results. 

2. METHODOLOGY 

This section describes the profitability and liquidity ratios. The form of the profitability formulae is justified, the 

dataset and the aggregation method are described. 

mailto:jiri.hajek@vse.cz
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2.1 Profitability ratios 

Profitability ratios or rates of return measure the firm’s return per unit of investment. This is based on 

accounting information, and is equally known as book rates of return [3]. As mentioned previously, three 

profitability ratios are used; return on assets, return on equity and return on sales. 

“Return on assets measures the ability to utilize its assets to create profit by comparing profits with the 

assets that generate the profits“ [4]. The resources [3], [4], [5] differ in opinion, as to what form of profit 

should be used. For an effective international comparison of this ratio, the most suitable form of income are 

earnings before interest and taxes (EBIT). This is “useful when comparing firms with different debt and tax 

situation” [6]. Since this paper compares four different countries with 4 different tax rates, the EBIT divided 

by total assets was chosen. Return on equity measures the return earned by a company on its equity capital 

[5]. The return is defined as the income to shareholders. The current discussion uses earnings before taxes 

(EBT) in the formula. The reason for not taking taxes into account remains the same - different taxation 

among the countries. This signifies that ROE is EBT divided by total equity. For ROE, the number of firms 

with negative EBT and negative Equity was computed, however, this number never reached a significant 

share. Return on sales, or in some sources, profit margin, measures “the portion of sales, that find its way 

into profits” [3]. Most sources define profit as net income. For the same reasons previously stated, the 

authors use EBIT in the numerator and therefore ROS is EBIT divided by sales. 

2.2 Liquidity ratios 

Liquidity ratios analyse whether the firm is able to pay off its debt as they come due [6]. For the purposes of 

this article, the current ratio, quick ratio and cash ratio are used. In addition, the standard formats of the 

formulas are used. This implies that current ratio is the ratio of current assets to current liabilities, quick ratio 

is the ratio of current assets minus inventories to current liabilities and cash ratio is just the ratio of cash and 

cash equivalent to current liabilities [3],[6]. 

The values of the profitability and liquidity ratios are calculated for the dataset and the calculations are made 

using MS Excel. Descriptive statistical tools are also used. 

3. EXPERIMENTAL BASIS 

The metallurgical industry defined by the NACE group 24 within the Amadeus database form part of the 

source. As input data the dataset from the financial profile, balance sheet and profit and loss account are 

used. The period 2006 - 2010 is analysed to “emphasize the effects of the crisis” [7].Since not all companies 

have entered the data to the database, the number of analysed companies differs each year. The reason for 

this variance is the date of the provided financial statement as well, the data when the date is not 31st 

December are excluded. Furthermore, distant values are excluded to avoid statistical biasness. Since the 

dataset is limited to the database content, no data is retrieved for Hungary for 2010. The following table 

depicts the number of firms included in the dataset by year and country. 

Table 1 Number of companies by countries 

Nr. of companies 2006 2007 2008 2009 2010 

Czech Republic 51 53 49 50 54 

Hungary 71 79 69 65 excluded 

Poland 190 205 233 214 45 

Slovakia 34 41 33 43 19 

Total 347 380 389 377 118 
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Table 1 illustrates the development of the number of companies throughout the analysed period. Numbers 

remain stable for the Czech Republic, Hungary and Slovakia, but a variation exists for Poland, especially for 

the years 2008 and 2010. The smaller value for 2010 is created by the database itself as data were not-

updated. The value 233 in the year 2008 is the result partially caused by dataset cleaning and partially by 

data availability. 

For each country the correlation analysis to the GDP growth ratio is conducted. Values for the selected 

countries are displayed in the table below. The Eurostat database [8] was used for data retrieval and results 

interpretation JACKSON [9] terminology is used (see Table 2). 

Table 2 GDP growth ratio in %. Source: Eurostat [8] 

GDP in % 2006 2007 2008 2009 2010 

Czech Republic 7 5.7 3.1 -4.5 2.5 

Hungary 3.9 0.1 0.9 -6.8 1.3 

Poland 6.2 6.8 5.1 1.6 3.9 

Slovakia 8.3 10.5 5.8 -4.9 4.4 

4. RESULTS, FINDINGS, AND DISCUSION 

A simple arithmetic mean is used to calculate the aggregated values of the ratios. Each firm’s ratio has the 

weight equal to 1 in the aggregation. This method permits the examination of the industry without influence 

of the company size. All values in this paper are computed using this method, unless stated differently. This 

is a substantially different procedure, than that used by KULA [2]. He summed all values of causal indicators 

and then computed the ratios. This method leads to large companies having the most impact on the final 

ratios. The results for each country are discussed below. 

4.1 Czech Republic 

Table 3 aggregates the computed ratios for Czech Republic. There exists a decline of return on assets and 

return on equity for 2006 to 2009, and a slight recovery in 2010. Return on assets has similar development 

since 2007, but the second lowest value is in 2006. This is connected with a negative average EBIT in the 

industry rather than sales values. 

Table 3 Ratios for the Czech Republic 

Ratios 2006 2007 2008 2009 2010 

ROA 0.154 0.108 0.088 -0.001 0.039 

ROE 0.297 0.160 0.101 -0.050 0.095 

ROS 0.016 0.056 0.045 -0.028 0.030 

Current ratio 1.692 1.717 1.633 1.708 1.830 

Quick ratio 1.105 1.092 1.016 1.070 1.160 

Cash ratio 0.228 0.262 0.242 0.214 0.227 

For liquidity there is stagnation. Since the values, especially in quick and cash ratio, remain the same, this 

may be indicative of good liquidity management in the industry. This is confirmed by the stable development 

of debtors’ turnover over the 2006 - 2009 periods. In 2010 there is a decline connected to stronger growth of 

debtors than sales. The Current ratio reaches bottom in 2008 and grows until the end of the examined 

period. At this time, it obtains peak value. This peak is caused by a larger growth of current assets over 

current liabilities. 
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4.2 Hungary 

A downturn of ROA, and a fluctuation of ROE and ROS is displayed in the Table 4. The bottom value for 

profitability ratios is in 2009. The reason for the modest growth of ROS in 2007 is due to the larger 

development of EBIT over sales. In ROE, the development is similar; the decline in 2007 is caused by 

stronger growth of equity than EBT. 

Table 4 Ratios for Hungary 

Ratios 2006 2007 2008 2009 2010 

ROA 0.084 0.063 0.054 -0.003 

Excluded 

ROE 0.291 0.119 0.160 -0.046 

ROS 0.048 0.059 0.032 -0.008 

Current ratio 1.662 1.712 1.598 1.677 

Quick ratio 1.257 1.223 1.071 1.132 

Cash ratio 0.359 0.421 0.304 0.330 

As with the case of the Czech Republic, the liquidity ratios are stable. The values of cash, stock and current 

assets vary and debtors’ turnover remains the same. This implies good liquidity management, however, in 

cash liquidity management, the Hungarian firms adopt a more conservative approach. 

4.3 Poland 

The database contained the most data for Poland; therefore the results are robust for this case (see Table 

5). In all profitability ratios, the same pattern appears; decline in 2006 to 2009 and recovery in the last year. 

Exceptions are the ROA and ROS in 2007. The reason is due to smaller sales growth compared with the 

growth of EBIT for ROS and smaller growth of total assets compared with EBIT at ROA growth. The different 

course (decline) of the ROE in 2007 is caused surprisingly by the larger growth of Equity than EBT.  

Table 5 Ratios for Poland 

Ratios 2006 2007 2008 2009 2010 

ROA 0.102 0.103 0.064 0.039 0.086 

ROE 0.399 0.356 0.299 0.168 0.207 

ROS 0.050 0.062 0.041 0.011 0.047 

Current ratio 1.731 1.717 1.768 1.908 1.905 

Quick ratio 1.191 1.151 1.205 1.306 1.158 

Cash ratio 0.285 0.270 0.370 0.385 0.331 

Liquidity ratios all share the same pattern, but difference within the profitability ratios. There is an increase in 

the period 2006 - 2009 and a decline in the last year. The current ratio and quick ratio’s variation is small 

with a coefficient of variation at 5 %. This is caused by a very small variation of the current assets, stocks 

and current liabilities (average aggregated quantities, computed using the same methodology as the ratios), 

coefficients of variation at 5 %. This signifies that the development of cash ratio may originate from 

development of cash and its equivalents. 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1815 

4.4 Slovakia 

There is a similar trend to Poland in the ROA and ROE, but ROS behaves differently (see Table 6). The 

increase in 2008 is caused by a strong increase in sales. Further stagnation is caused by a similar decrease 

in 2009 and an increase in 2010 of both sales and EBIT.  

Table 6 Ratios for Slovakia 

Ratios 2006 2007 2008 2009 2010 

ROA 0.101 0.035 0.049 -0.050 0.059 

ROE 0.232 0.100 0.038 -0.093 0.186 

ROS 0.035 -0.057 0.025 0.037 0.032 

Current ratio 1.403 1.291 1.142 1.214 1.323 

Quick ratio 0.839 0.831 0.697 0.768 0.798 

Cash ratio 0.203 0.126 0.153 0.144 0.208 

There is a decline in current and quick ratio in 2006 - 2008, and a return to original values in the rest of the 

period. The cause for this behaviour is due to a stronger increase of current liabilities than its current assets 

(or its parts). There is an inverse behaviour in 2009, which caused the increase, and stronger increase of all 

parts of current assets than current liabilities in 2010 that produced the development on the last year. Cash 

ratio varies between 0.2 and 0.12 due to the 81 % coefficient of variation of the aggregated values of cash 

and its equivalents. 

4.5 Correlation to GDP growth ratio 

There is a strong positive correlation of profitability ratios in all countries, with the exception of ROS in the 

case of Slovakia (see Table 7). This is explained by the sales development. The strong correlation illustrates 

the pro-cyclical nature of the industry.  

Table 7 Correlation with GDP growth ratio 

Correlation ROA ROE ROS 
Current 

ratio 
Quick ratio Cash ratio 

Czech Republic 0.929 0.940 0.759 -0.078 0.187 0.630 

Hungary 0.986 0.983 0.852 -0.235 0.447 0.208 

Poland 0.877 0.932 0.924 -0.916 -0.798 -0.835 

Slovakia 0.806 0.738 -0.578 0.410 0.387 0.100 

In the Czech Republic there is a strong positive correlation of ROA, ROE and ROS to the GDP. For the Cash 

ratio, moderate correlation and week positive relationship is observed with the quick ratio. There is very little 

negative correlation to current ratio. Weak correlation of liquidity ratios in the case of the Czech Republic, 

Hungary and Slovakia is caused by very small variation of the ratios, coefficients of variation being 5 to 

12 %. Poland is a specific case, there is a strong negative correlation to liquidity ratios. 

Hungarian firms are weakly correlated to GDP in current and cash ratios and a moderate correlation to quick 

ratio. The reason for the weak correlation to liquidity ratios is the stable values of the ratios. This 

development is accompanied by growth of debtors’ turnover in 2006 - 2008, that permits interpretation of the 

liquidity development as a conservative preparation for the crisis. 
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5. CONCLUSION 

The main trends in profitability and liquidity of the metallurgical industry are examined. The prevailing pattern 

of the selected countries in profitability is found to decline in the period 2006 - 2009, then a slight recovery 

follows. A widespread difference in values among the countries is found, with Poland having the highest 

values. In liquidity, a tendency to stagnate, caused by good liquidity management is determined. Analyses 

find Czech and Slovak firms follow the same pattern. Poland has the most conservative approach whereas 

Slovakia the most aggressive one. The reasons surrounding the positive condition of Polish firms requires 

further research and analyses possibly using clustering. This may include an analysis of the conservative 

liquidity management policies, as to whether it has a positive or negative impact on profitability. 
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Abstract  

Diversification of companies, in the business environment, does not give a great option to the 

standardisation of procedures. Companies which want to maintain or improve their position in the market 

should focus on improving their processes. Each company is characterised by its specific characteristics that 

make the company unique, but areas such as logistics, production, purchasing and sales have common 

characteristics that may be separated and special attention can be paid to them. 

The paper is focused on the steps to implement lean methods related to logistics, because logistics includes 

many non-value added processes. Lean methods offer a space to effortless changes through which 

companies can achieve improving of their market position. The authors also present the results of a survey 

conducted in the V4 countries. Based on this survey the steps to implement the methods of a lean logistics 

are proposed in the practical part, what is also the main aim of this paper.  

Keywords: Lean Concept, Implementation, Logistics Processes, Market Research 

1. INTRODUCTION 

The prosperity of the company should be improved in all areas. Therefore older and also new methods 

should be implemented in the company by simple procedures and not in lengthy and costly way. The 

existence of Lean Concepts can be observed over the last century, and their impact upon business is of 

considerable importance. A low level of information and an apprehension of new concepts hindered this 

process. The lean concept is designed to eliminate waste and implement only those activities that deliver 

value to customers and their negative impact is the lowest. The concept as a whole is primarily intended for 

companies with serial production. However, methods and procedures can be divided into logistics, 

manufacturing, administrative, purchase or sales groups by examining concept principles. Most of them can 

be used in several areas at the same time. The paper focuses on the steps to implement lean methods 

related to logistics, because especially logistics processes can represent the greatest potential for improving. 

It does not have to be like this because the probability of wasting is higher in this area than in others. The 

main aim of this paper is to present the detailed information about the implementation of lean methods in 

field of logistics to the wider business context. The paper is primarily for the readers/businesses that are 

willing to begin on the road to improvements through lean concepts in logistics without involving external 

companies. 

2. IMPLEMENTATION PROCEDURE OF LEAN METHODS  

Methods of Lean concepts can be used in all areas of business. The biggest intersection can be seen 

between logistics and the production area. Therefore, the paper attempts to separate the methods that 

directly enter into business logistics. A survey was conducted in V4 countries, focused on knowledge and the 

level of use of lean methods in industrial companies. Within this questionnaire, 605 respondents were 

contacted from industry. 162 organisations answered the questionnaire, which represents a return rate of 

26.8 %. 39 % of the respondents were large companies with a staff of more than 250, 35 % were small 

companies employing up to 50, and 26 % of medium-sized companies, where the number of employees 

mailto:roman.bednar@stuba.sk
mailto:natalia.hornakova@stuba.sk
mailto:helena.vidova@stuba.sk
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ranges from 51 to 250. The questionnaire evaluated the usage of the fundamental concepts of lean 

manufacturing methods usable in the logistics system, namely: KAIZEN, Teamwork, KANBAN, VSM, 5S, 

TPM [1] 

The results of the survey showed, that companies use this method regardless of the type of production. The 

type of production is closely related to the vastness and complexity of the logistics system. The methods are 

ranked from most used to least used in mass production in order by frequency: Teamwork, 5S, KAIZEN, 

TPM, KANBAN and VSM [1] 

In Fig. 1 you can see the differences in representation of types of production. The most frequent is the usage 

of lean methods in companies dealing with serial production. The lean concept was designed for this type of 

production. The Fig. 1 also shows that different methods are also used in companies with others types of 

production. [1] 

 
Fig. 1 Using of lean methods in different types of production 

This section of the paper is specifically focused on the sequence of lean methods implementation steps. 

These sequences should support the interest of self-help application in companies that are not financially 

efficient enough to outsource the implementation to another company. In the following section each 

sequence through the use of diagrams will be described. These are decision diagrams, which correctly direct 

the user to successful implementation of above mentioned methods and the elimination of NVA (Not value 

added) processes. The main section of the paper is built on the author’s previous research published in the 

METAL2012 conference text book, entitled the "Application of Lean Principles in Business Logistics". In 

addition of practical examples of using lean methods in the previous article these methods were divided into 

two categories. The first category included the methods that directly enter the logistic processes (KANBAN, 

VSM) and in the second category were methods that indirectly affect the logistics processes (Teamwork, 

KAIZEN, 5S, TPM). [2] 

The most frequent method according the survey is Teamwork. This method is focused on employee’s 

cooperation in order to achieve a synergistic effect of all employees. Teamwork is a method that indirectly 

enters into logistics processes. The sequence of its implementation steps is shown in Fig. 2. Teamwork 

implementation, like other methods, requires the selection of people who will deal with this process. 

Teamwork is the way of work organization in teams from 4 to 15 people. [3] 
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Fig. 2The sequence of Teamwork implementation steps 

The next most frequently used method in terms of industrial practice needs is 5S. The method is oriented to 

increase the work efficiency at workplaces through its proper organization. Based on our previous research, 

this method can be classified among those that indirectly enter into logistics processes. Therefore, it is 

necessary to consider with less impact to the whole area of logistics. The diagram shows the different stages 

(pink rectangles), divided into processes that describe in detail the 5S implementation (see Fig. 3). 
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Fig. 3 The sequence of 5S implementation steps 

KAIZEN (see Fig. 4) is designed to capture the improvement from all the corporate employees. KAIZEN was 

included in methods that indirectly enter the logistics processes in previous research. Its principle is 

continuous improvement in small increments, as opposed to large capital-intensive innovative changes. 
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Fig. 4 The sequence of KAIZEN implementation steps 

TPM - this method is utilised to maintain the constant working pace without unexpected failures. TPM is 

accordingly included in the group of methods within direct impact on logistics processes. Diagram of the 

sequence of TPM implementation steps is shown in Fig. 5. [4] 
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Fig. 5 The sequence of TPM implementation steps 
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The TPM implementation is a lengthy process but the initial success can be seen in a short time. Two 

phases of TPM implementation as phase of process approval and phase of the TPM implementation itself 

can be seen in the diagram of the sequence of steps. We also refer to Visual Management use in the 

diagram. Its tools are used in the case of TPM either. 

The method KANBAN supports decreasing of production batches. Lower production batches mean fewer 

semi-products in production. The method was classified into the group of methods that directly enter the 

logistics processes in the previous research. The sequence of KANBAN implementation steps is shown in 

Fig. 6. 
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Fig. 6 The sequence of KANBAN implementation steps 

The activities are divided into two phases. First one is the "preparation of a production system" - without this 

phase implementation is impossible and second one is the “"Application of KANBAN" - this phase shows the 

progress of activities especially for the physical location of the elements in the production system. [5] 

The VSM method belongs to the first ones that are applied in the concept of lean production (see Fig. 7).  
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Fig. 7 The sequence of VSM implementation steps 
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It is possible to reveal areas in which improvements start through VSM. This method reveals most of the 

waste in logistics. In the diagram of sequence of VSM implementation steps four phases can be seen that 

represent theoretical steps as: 1. Selection of representative for group of products, 2 Presentation of the 

current state, 3. Presentation of future state and 4. Implementation of measures (actions). The main steps 

were divided into more specific activities. The most important part of the implementation is to determine VA 

(Value added) and NVA (Not Value Added) processes. [6] 

CONCLUSIONS 

In the article, selected methods have been used from the basic concepts of lean manufacturing methods, 

suitable for application in the logistics business. The survey was based on the use of lean methods in the V4 

countries. The main part of the paper was focused on the sequence of each methods implementation steps. 

This section was mainly focused on displaying the activities through the decision diagrams that describe 

activities related to the implementation of these methods in detail. More detailed theoretical knowledge of 

selected methods was mentioned in the paper "LEAN PRINCIPLES APPLICATION IN BUSINESS 

LOGISTICS" published in the METAL2012th text book last year. 

The issue of Lean Concepts implementation in small companies will not be as a matter of course in a short 

time but it is hoped that our paper can help to inspire industrial companies to increased activity in this area. 

Implementation is not easy in any way because every company is an individual entity. 
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Abstract 

The main objectives of blast furnace operators include the maximum production of pig iron of the required 

chemical composition at minimal cost. This can be ensured only with quality raw material base and a trouble-

free operation of the blast furnace. The evaluation of ore raw materials and their comparison is quite 

complicated due to the number of monitored parameters affecting the blast furnace process. Current 

methods used for evaluating the quality of the ore blast furnace raw materials can be generally divided into 

two distinct groups. The first one tries to simulate the conditions which the ore going down the blast furnace 

stack is exposed to. The other approach is based on single-purpose tests performed in order to determine 

the selected indicator of metallurgical quality. Both of these approaches allow obtaining a number of key 

information related to the quality of ore raw materials and the blast furnace process. Unfortunately, these 

methods cannot help you to obtain complex information that will provide a global view of the "quality class" of 

the given ore raw material. For the evaluation of ore raw materials, it is necessary to find a system based on 

a multi-dimensional basis, taking into account not only the metallurgical, but also the economic and physical 

and chemical parameters. The complexity of the evaluation of ore raw material is mainly based on the 

completely different character of the monitored parameters. The mathematical methods of multi-criteria 

decision-making appear to be very suitable to use for the evaluation of ore raw materials. The aim of this 

article is to analyze the possible utilization of these tools in the evaluation of ore raw materials as operational 

tools for their comparison. 

Keywords: iron ore, pollutants, blast furnace 

1. INTRODUCTION 

Innovations are one of the most important drivers of mettallurgical enterprises‘ competitiveness increasing 

[1], [2]. Innovations are related to all metallurgical processes, including the blast furnace one. The blast 

furnace process is a set of large number of physical and chemical, thermal and mechanical processes, which 

do not take place separately, but rather in some kind of interrelation [3]. These partial phenomena also 

include, alongside the reduction of iron oxides and the residual elements of pig iron as the primary task of 

the blast furnace, the processes of fuel combustion in a well, the counterflow of gas, charge and the liquid 

products of smelting, the dissociation processes, and the reactions in solid and liquid phases. 

The quality of ore materials significantly affects the technological aspects of the blast furnace process [4]. 

However, when evaluating ore raw materials, we can often monitor dozens of completely different criteria. In 

terms of categories, the important parameters can be classified into three groups: chemical, physical, and 

technological. The elementary chemical parameters of ore raw materials include the iron content, the amount 

of harmful substances (sulphur, phosphorus, zinc, alkali), but also for example the alkalinity [5]. The 

important physical properties may include especially humidity, lumpiness, porosity, and magnetic properties. 

The technological properties include the characteristics of strength, reducibility and thermoplastic properties. 

This list clearly indicates that the evaluation of ore raw materials can use dozens of parameters, which, 

however, significantly limits the possibility of comparison.  

The current methodologies for assessing the quality of ore blast furnace raw materials can be generally 

divided into two different groups [6]. The first one is trying to simulate the conditions ore is exposed to when 

mailto:petr.besta@vsb.cz
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going down the blast furnace stack. The second method relies on benchmark tests designed to determine 

the selected indicator of metallurgical quality [7]. Both of these approaches allow obtaining a number of 

relevant information about the quality of the ore raw materials and about the flow of the blast furnace 

process. The limitation of these methods lies in the fact that they will always be based on the evaluation of 

isolated criteria, which do not allow quantifying the quality of one ore raw material by means of one 

comparable indicator that would take into account several factors. 

A research focused on the use of mathematical methods of multi-criteria decision-making for comparison of 

ore raw materials was conducted within the monitored metallurgical plant. The article deals with the analysis 

of the possible utilization of these methods and it shows the results of a long-term research focused on the 

comparison of ore raw materials. 

2. PROBLEM FORMULATION 

The evaluation of the quality of ore charge can be realized from different perspectives. In essence, we can 

identify three basic options [8]: 

 evaluation of the behaviour of ore when going down the stack 

 single-purpose benchmark tests intended to determine a selected metallurgical indicator 

 complex approaches to the evaluation of ores. 

The issue of the assessment of ore raw materials is complicated due to the wide range of relevant criteria 

that evaluate completely different characteristics and that have different size indicators [9]. This vastly 

complicates the comparison of the individual types of ores. That is why a model of the evaluation of ore raw 

materials had been prepared in the monitored blast furnace plant, where eleven kinds of ore raw materials in 

total were evaluated from the point of view of seven relevant criteria. 

If the evaluation of ore raw materials is used for operational decision-making, it is necessary to work with the 

available information. Seven key areas, which will be taken into account during the evaluation, have been 

defined on the basis of these facts. The criteria have been defined through brainstorming, attended both by 

the personnel of purchasing department and by the experts from iron production technology department. In 

this way, the following criteria have been selected for the evaluation of ore raw materials: 

1. Price of ore ($/ton) 

2. Content of iron (%) 

3. Strength of ore after tumbler test, according to ISO (%)  

4. Homogeneity of lumpiness (Vx, %) 

5. Amount of P (%) 

6. Reducibility (%)  

7. Humidity (%)  

The values of the evaluated criteria were determined for all the monitored ores. The data were obtained from 

long-term records of used ore raw materials. The details of all raw materials are shown in Table 1. The 

evaluation of ore raw materials took advantage of the methods of multi-criteria decision-making. 
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Table 1 Values of criteria of monitored ore raw materials 

Option of 

evaluated 

ores 

Criterion 

K1 K2 K3 K4 K5 K6 K7 

Price 

of ore 

Content of 

iron 

Strength of 

ore 
Homogeneity 

Amount of 

phosphorus 
Reducibility Humidity 

Unit 

$ / t % % % % % % 

V1 151 62 75 95 0,05 48 5,2 

V2 143 63 76 92 0,04 55 6,8 

V3 142 64 74 90 0,04 65 1,4 

V4 141 67 83 48 0,02 64 2,3 

V5 140 61 79 79 0,03 66 6,2 

V6 139 65 74 90 0,05 64 4,7 

V7 142 66 82 52 0,01 69 2,9 

V8 138 63 75 122 0,04 61 3,3 

V9 149 64 77 89 0,04 63 3,9 

V10 148 61 80 96 0,04 64 5,1 

V11 152 62 75 91 0,05 62 4,2 

The monitored ore raw materials were schematically marked by symbols of V1 - V11, all the materials are 

anhydrous oxides based on hematite and red iron. 

3.  EXPERIMENTAL WORK 

The data of ore raw materials (as listed in Table 1) must be adjusted before further use. For further 

calculations and evaluations of the various options of ores, a correction of two criteria was made for the 

purpose of simplification. The clearer type of the matrix form required all values of the content of phosphorus 

(K5) to be multiplied by a constant of 100. The data of humidity (K7) were adjusted the same way. They were 

multiplied by a constant of 10. Before the criteria matrix was assembled, it was necessary to unify the 

individual types of criteria. The evaluation includes both the criteria of maximization (K2, K3, K6), and the 

criteria of minimization (K1, K4, K5, K7). As a result of that, all the minimization criteria were transferred into 

maximization ones. This was realized by subtracting the other values in the individual criteria from the worst 

values in the minimization criterion. Once this transformation had been performed, a modified criteria matrix 

(1) was put together, where all the criteria were already of maximization type. 

The method of weighted sum, based on the concept of maximization of yield and counting only with linear 

function of yield, was used to compare the ore raw materials. This method belongs to the category that 

includes procedures requiring cardinal information about the criteria. The procedure is based on the creation 

of a standardized criterion matrix R = (rij), the elements of which are obtained from the modified criteria 

matrix Y1 = (yij) through a transformation according to formula (2). 
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When an additive form of the multi-criteria function of yield is used, then the yield of option ai equals: 
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1

                                                                                                                   (3) 

The option that achieves maximum yield value is marked as the best, or you can arrange the options 

according to decreasing values of yield. The ideal and basic values of vectors were determined in the first 

step. These values are based on the criterion matrix and have the following form: 

H = (14, 67, 83, 74, 4, 69, 54) - ideal                                                                                   (4) 

D = (0, 61, 74, 0, 0, 48, 0) - basic                                                                                        (5) 

The transformation formula (2) helped us to determine the element values of normalized criteria matrix 

whose values represent the level of yield of the given option according to certain criterion. An example of the 

calculation for an element located in the first line and in the first column of the criteria matrix can be written 

as follows: 

07.0
014

01












jj

jij

ij
DH

Dy
r                                                                                          (6) 

The values of the individual criteria within the standardized criteria matrix were then multiplied by the 

respective weight of the given criteria. The weights used for the monitored criteria represented the values 

that are used for the evaluation of ore raw materials in the observed metallurgical company. The values of 

the weights are shown as a vector in (4). 

v = (0.2046; 0.2219; 0.1207; 0.0949; 0.1027; 0.0920; 0.1275)                                           (7) 

The total yield is the sum of all partial contributions of each observed criterion of the monitored ore option. 

The values of all the criteria took into account the value of the weight of each criterion. The order of the 

individual criteria was determined on the basis of the defined yield, and the results are shown in Table 2. 

The option with the highest yield value was classified in the first place. 

Matrix R is the assembled standardized criteria matrix.  
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29,0025,036,011,016,007,0

R

                                                    (8) 

The monitored ore options were evaluated in the following order: V4, V7, V6, V3, V8, V5, V9, V2, V10, V11, 

and V1. The determined yield can also be understood as the total value of the ore raw material quality, which 

was established on the basis of the defined criteria. 

Table 2 Evaluation of order of monitored types of ore raw materials 

 K1 K2 K3 K4 K5 K6 K7 Yield Order 

V1 0.0143 0.0355 0.0132 0.0341 0.0256 0 0.0369 0.1599 11. 

V2 0.1309 0.0732 0.0265 0.0379 0.0256 0.0303 0 0.3247 8. 

V3 0.1452 0.1109 0 0.0408 0.0256 0.0736 0.1275 0.5238 4. 

V4 0.1595 0.2219 0.1207 0.0949 0.0770 0.0699 0.1058 0.8499 1. 

V5 0.1739 0 0.0663 0.0550 0.0513 0.0782 0.0140 0.4389 6. 

V6 0.1882 0.1464 0 0.0408 0.0513 0.0699 0.0484 0.5452 3. 

V7 0.1452 0.1841 0.1062 0.0892 0.0256 0.0920 0.0918 0.7343 2. 

V8 0.2046 0.0732 0.0132 0 0.0256 0.0561 0.0816 0.4545 5. 

V9 0.0429 0.1109 0.0398 0.0417 0.0256 0.0653 0.0675 0.3941 7. 

V10 0.0572 0 0.0796 0.0332 0.0256 0.0699 0.0395 0.3053 9. 

V11 0 0.0355 0.0132 0.0389 0 0.0607 0.0612 0.2096 10. 

weights 0.2046 0.2219 0.1207 0.0949 0.1027 0.092 0.1275   

Ore options No. 4 (yield of 0.8499) and No. 7 (yield of 0.7343) received by far the best evaluation. The 

determined yield of these options was almost double compared to the other types of ore. These ore raw 

materials can be regarded as significantly better than the other evaluated sorts. Another group of ore raw 

materials can consist of those ones that were ranked on the 3rd - 6th place, according to the determined 

value of yield. The differences among these materials are very small again. The remaining evaluated ores 

can be rated as significantly inferior. The method of the maximization of yield allows sorting the individual 

ores on the basis of the determined value of total yield, but also allows identifying the optimal one. 

4. CONCLUSIONS 

The utilization of the methods of multi-criteria evaluation in comparison of ore raw materials appears to be a 

suitable tool providing a global view of their overall quality. The conducted analysis has clearly shown 

significant differences among the individual monitored materials. If the comparison were conducted only on 
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the basis of isolated criteria, it would not be possible to achieve a complex view. The applied method allows 

both finding optimal options of ore raw materials and determining the order of all the options. This can be 

important if the metallurgical company must often compare a large number of offered raw materials. The 

determined value of yield of ore raw material may also be converted into a point system, which can be used 

to categorize the ore raw materials. 

The outcomes of the evaluation of ore raw materials can be used in long-term strategic decisions related to 

purchasing and planning. Due to the amount of costs, it is particularly necessary to consider all the aspects 

in order to find the optimal final solution. The use of mathematical methods for comparison of ore raw 

materials makes it possible to incorporate a number of entirely different criteria in the evaluation. This aspect 

fundamentally affects the defined conclusions and evaluations, which are then based on the key factors 

affecting the blast furnace process. The deviations or deterioration of the quality of ore raw materials can 

serve as an impulse for a corrective action. Effectively functioning system of evaluation of ore raw materials 

can serve as a tool for negotiations with the suppliers. 
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Abstract 

Blast furnace procedure is a set of a large number of physical and chemical, thermal and mechanical 

processes, which do not take place separately, but are rather in certain mutual relation. The flow and the 

efficiency of the blast furnace process can be significantly affected by the quality of the input raw materials, 

which can be evaluated using a number of different criteria. That is why the selection and evaluation of the 

suppliers of strategic resources play very important role. Metallurgical enterprises must often compare and 

evaluate dozens of offers and they must monitor a number of regular and irregular suppliers. The evaluation 

of the suppliers of raw materials for metallurgical production can be realized in different ways. Most of the 

methods are based on monitoring the pre-defined criteria. During the decision-making itself, it is possible to 

consider a number of criteria related to the offered raw materials and services, in particular their quality, price 

and the contract terms. In practice, however, the number of the monitored criteria is usually limited to those 

that have certain weight in terms of the specific technological conditions of the company. Their selection 

must naturally be considered very carefully. The definition of importance of the individual criteria represents 

a key aspect in the evaluation. This will always be subjective to some extent. To define the weights of the 

individual criteria, it is possible to use the methods that reduce the subjective nature of the decision-making 

process. The article deals with the analysis of current approaches in the evaluation of suppliers in the area of 

metallurgical production. At the same time, it analyzes the possible utilization of the methods of distance 

from a hypothetical option and the methods of pair comparisons in the evaluation of the suppliers of input 

raw materials for metallurgical production. 

Keywords: iron, steel, costs, suppliers 

1. INTRODUCTION 

The selection and evaluation of suppliers can be realized in various ways. Most of them are, however, based 

on monitoring of isolated criteria [1]. The actual decision-making process can take into consideration a 

number of criteria that affect the offered products and services, in particular their quality, price and the terms 

of contract. In practice, however, the number of the monitored criteria was usually limited to those having 

certain weight in terms of the specific conditions of the company [2]. Their selection must naturally be 

carefully considered. Industrial companies tend to favour those that affect the economic and business results 

of the company (costs, inventory, and quality). These criteria then naturally determine the final product 

quality [3]. It is also necessary to take into account the volume of purchase from the given supplier, i.e. its 

financial and economic importance. The experience with the given supplier represents an important factor as 

well. In general, the criteria can be divided into four groups [4]: 

 criteria related to products; 

 criteria related to provided services; 

 criteria related to price and terms of contract; 

 criteria evaluating the behaviour and attitude of the supplier. 

When a difficult decision has to be taken, it is possible to select either one or several suppliers. It is often 

better to prefer purchasing from multiple sources, which eliminates the dependence on a single supplier and, 

mailto:petr.besta@vsb.cz
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in addition, it provides the possibility of comparison [5]. In case of repeated purchases, it is recommended to 

reconsider the decision regarding the selection of the supplier on the basis of updated information 

supplemented by the comparison of new purchasing options and experience. The purchasing decision-

making should distinguish two groups of suppliers. The first step should be to forecast demand and sales to 

the end users of the chain [6]. The first group consists of smaller regional suppliers. Even smaller orders may 

be important for these companies. These suppliers put maximum effort to satisfying the agreed orders, 

because they do not want to lose their customer or their credit in competition with other potential partners [7]. 

The second group consists of large suppliers who are able to deliver, often flexibly, fairly wide range of 

products, but sometimes they expect more activity from the buyer or concessions in quality parameters. 

When deciding on the supplier, the decision can be a result of (according to the availability of information 

and the importance of purchasing decision): 

 expert estimate of a team or a responsible individual; 

 point evaluation (simple or with valuation - weighing - significance of the individual criteria); 

 consideration of the calculation outcomes of those factors that can be directly quantified, and the 

factors of indirect quantification of qualitative characteristics (through scoring or expert estimates); 

 utilization of multi-criteria decision making methods; 

 combination of previous approaches. 

There may often be specific cases when a company is forced to buy the cheapest raw materials offered, due 

to difficult financial situation. The existence of subjective interests, when the purchasing clerk’s company 

acts under some kind of pressure, may cause another problem. It often leads to taking occasional decisions, 

when the purchasing clerk places emphasis on the personal benefit of the company [8]. That is why it is 

always beneficial to exclude these effects, as well as the consequences of intuitive decisions as much as 

possible. 

The conventional evaluation models assume that the decision-making entity compares the alternatives 

according to a single monitoring criterion. The resolver has a wide range of methods to be used in these 

cases, which allow him to find optimal solutions without additional information from the resolver. All the 

information that is actually used for the solution may be part of the task. However, this principle is not 

applicable for example in the evaluation of ore raw materials. The decision-making process may include as 

many as dozens of different criteria. From this perspective, the principles of multi-criteria decision-making, 

which make it possible to compare the individual suppliers according to a number of different criteria, 

represent a very interesting group of methods. The tasks of multi-criteria decision-making are such decision-

making tasks, where the consequences of the individual decisions are assessed according to multiple 

criteria. The solution of a multi-criteria decision-making task is a procedure whose application helps us to find 

the optimal state of the system, with respect to more than one considered criterion. The objective of this 

article is to assess the possible utilization of the multi-criteria methods for the evaluation of suppliers and 

their offers in the processes of metallurgical production. 

2. PROBLEM FORMULATION 

In the processes dealing with the selection and evaluation of suppliers, we encounter an obstacle in the form 

of overall evaluation. Companies can use dozens of different criteria during the actual evaluation, which is 

quite common, for example, in the production of pig iron, when the monitoring of quality of supplying partners 

is a very complex process. If several supplying companies are being evaluated simultaneously, the whole 

process is even more demanding. In this case, we are talking about multi-criteria decision-making. 

Metallurgical enterprises use a number of criteria to evaluate their suppliers. Some of them, however, have 

higher weight than other in terms of priorities. In such cases, the evaluation system is based on the 

quantification of the weights assigned to the individual criteria. However, the importance (weight) of the 

individual criteria for the evaluation of suppliers is set in a very intuitive way. There are frequent situations 

when workers see the importance of the individual criteria quite differently, according to their specialization. 
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For such cases, it is useful to apply the methods that significantly reduce the intuitive nature of the allocated 

weights. These methods can be used in all levels of corporate hierarchy. If we talk about the utilization in 

case of strategic decisions, we can apply these methods exactly for the selection and evaluation of suppliers. 

It is often necessary to compare several suppliers that are evaluated according to various criteria, for 

example the suppliers of iron ore. One of the possible procedures of evaluation is the application of the 

method of distance from an imaginary option. This method allows taking into account all the specific values 

of the criteria. 

The principle of the method of distance from an imaginary option is to find the distances of the individual 

options from the so-called fixed option, which can be: 

 the best option, i.e. the best values of all the criteria - then the best option is the one with the smallest 

distance from the imaginary option, 

 the worst option, i.e. the worst values of the criteria - the optimal option is the one which is most 

distant from the imaginary option. 

The biggest advantage of this method is undoubtedly the fact that it takes into account the differences 

between the concrete values of the individual criteria. In case of the evaluation of ore raw materials, it will 

depend not only on the order the ores are arranged in descending order according to a specific criterion, but 

also on the individual differences. This method also takes into account the individual values of each criterion 

and it uses the differences among them within the scope of the evaluation, by comparing them using their 

weights. The procedure used for determination of the preferential arrangement of options taking advantage 

of the method of determination of the distance from an imaginary option can be divided into the following five 

points: 

 Setting the weights of the individual criteria (vi).  

 Determining the best values of the individual options. 

(in our case, the ideal option as a set of the best values from the point of view of the individual criteria 

(xi
*))  

 Determining the worst values of the individual options (x0
i). 

 Calculation of the distance of each option from an imaginary option (Dj) based on the formula: 

2
*

* 0
1

x xn i ij
D v

j i
x xi i i

 
 

   
 

 

           (1) 

where: 

vi . . . weight, 

xij . . . value of each criteria from the point of view of the individual options, 

x*
i . . . the best consequence in relation to the i - th criterion, 

x0
i . . . the worst consequence in relation to the i - th criterion. 

 Setting the order of options (the best option is the one with the shortest distance from the imaginary 

option (Dj)) 

The total value of the distance from the imaginary option is essentially created by the sum of partial 

deviations from the ideal value of the criterion in question. The option with the lowest total value is the 

optimal one. Since the method allows taking into account the individual differences in the values of criteria, 

the optimal option can be the one, which is not the best in any criterion.  
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3.  EXPERIMENTAL WORK 

Three suppliers of electrodes for electric arc furnaces were evaluated in the monitored industrial company. 

The suppliers were evaluated according to three criteria: price, delivery time and quality (Table 1). All the 

monitored criteria are of different character, so it is difficult to determine the best option without using the 

multi-criteria methods. The best values of each criterion are marked green in Table 1. For the purpose of 

simplification, the suppliers will be identified by the letter D and the relevant number and criteria will use the 

symbol of K. 

Table 1 Values of the individual offers 

 Supplier - 1 Supplier - 2 Supplier - 3 

Criterion - 1 

Delivery time (days) 

45 18 14 

Criterion - 2 

Price ($ / kg) 

19 20 32 

Criterion - 3 

Quality (1-10) 

2 3 4 

The method of the distance from an imaginary option was used to evaluate the monitored parameters. 

Equation (1) was used to determine the distance from the optimal option for all the suppliers. An example of 

calculation for supplier 2 can be written the following way: 
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        (2) 

The individual values represent an imaginary distance from the ideal value of each criterion. The total value 

then equals the sum of all the individual parts. Similar method was used to determine the distance from an 

imaginary option for the other suppliers. The results are shown in Table 2. The determined value of the 

distance from an imaginary option is shown in line Dj. At the same time, the table shows the total evaluation, 

which identifies the determined order of the individual suppliers. 

Table 2 Evaluation of monitored offers 

 vi xi
* xi

0 D1 D2 D3 

K1 0.300 14 45 0.300 0.005 0 

K2 0.400 19 32 0 0.002 0.400 

K3 0.300 2 4 0 0.075 0.300 

   ∑ 0.300 0.082 0.700 

   Dj 0.547 0.286 0.836 

   Order 2. 1. 3. 
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The options with the lowest value of the determined imaginary distance can be considered as the best ones. 

Thanks to this fact, the resulting sequence of the evaluated suppliers of electrodes is: Supplier 2, Supplier 1, 

and Supplier 3. If we look at the concrete value of the distance from an imaginary option, we can see that 

Supplier 2 receives significantly better evaluation. The obtained value is more than three times better than 

option 3. That is why this offer is by far the best. It is also necessary to mention that the offer of this supplier 

was not the best in any of the three monitored criteria, but despite that, it was evaluated as the best one by a 

large margin. This order of offers determined in this way is based on the quantification of all the monitored 

criteria. 

4. CONCLUSIONS 

The evaluation of suppliers in the sphere of primary and secondary metallurgy is complicated due to the wide 

spectrum of monitored criteria. If you want to find the most suitable option, it is very convenient to use 

methods that are able to take into account all the relevant criteria, although their character is entirely non-

homogenous. Current approaches regarding the evaluation of suppliers and their offers are generally based 

on monitoring of isolated criteria, usually of economic nature. However, this system is not able to provide 

quality information about the real value of offers. It is therefore very convenient for the evaluation of the 

suppliers of input sources of primary and secondary metallurgy to use the mathematical methods of multi-

criteria decision-making. An evaluation of offers for the given commodity from several suppliers was 

conducted within the frame of the monitored production enterprise. The conducted analysis has shown that 

the optimal selected option was the one that was not the best in any of the observed criteria. This means that 

if we made the evaluation using only one isolated criterion, we would not find the optimal option. The 

utilization of the mathematical methods in the evaluation of suppliers and the input raw materials in 

metallurgical processes seems to be a very suitable alternative. This is also given by the number of 

parameters to be monitored for the input raw materials. If we simultaneously consider the potentially wide 

range of suppliers, finding the optimal option without multi-criteria methods will be very difficult. When the 

methods of multi-criteria decision-making are applied, it is especially beneficial to use particularly those tools 

that will allow not only determining the best option, but also measuring the differences between them and 

determining their order as well. There may be frequent situations when the best determined option can not 

be used for certain reasons (technological, long-term contracts). The requirements for continuous reduction 

of production costs will force metallurgical companies to look for potential reserves in their processes. A 

precise and exact comparison of the individual commercial offers for the acquisition of the input raw 

materials, but also the evaluation of cooperation with long-term suppliers can bring substantial economic 

effect to metallurgical enterprises. 
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Abstract  

Systematic establishing of the value network and development of cooperation among members can 

significantly increase its success rate. However, it is necessary to be an entity that is actively engaged in 

building a functional value network and has an adequate position and tools for such activities. As there is 

generally a better opportunity for the development of cooperation in chains and networks where a single 

owner controls a number of entities, better opportunities open up in this field for enterprises of metallurgical 

and chemical industries, where there are traditionally strong ownership links. The paper presents results of 

primary qualitative researches undertaken in the chemical industry. It presents the current form and manner 

of cooperation of these enterprises with other entities of the value network. It analyses the areas and degree 

of tightness of cooperation in these networks. The authors discuss the possibility to further improve activities 

in the business value networks as a result of the strengthening of the coordinating function of the entity that 

owns a significant number of individual links of the value network. 

Keywords: value network, value network strategy, subjects of value network, cooperation.  

1. INTRODUCTION 

Firms increasingly face competitive pressures related to rapid and continuous adaptation to a complex, 

dynamic, and highly interconnected global environment [1]. In rapidly changing business environments, 

companies usually focus on their core competencies and collaborate with others to capture or create 

business opportunities [2]. The empirical results show that firms in general have a positive attitude towards 

inter-organizational collaboration [3]. This cooperation should be developed not only between suppliers and 

consumers, but also with other entities involved in meeting the needs of direct customers and customers of 

these consumers. This leads to the formation of a value network. Its performance, as well as the 

performance of individual entities depends on whether the value network is created in a systematic way and 

activities performed in it are coordinated. It is therefore desirable to have an entity with a direct interest in the 

creation of a functional value network. This entity can be an owner of several links of the value network. 

Generally, there are greater opportunities for creating value networks in sectors with strong ownership links, 

as in the chemical and metallurgical industries. Moreover, in these industries the necessity of the technical 

quality of inputs contributes to strengthening relationships between business partners. For example the main 

objectives of blast-furnace operators include maximum production of pig iron of required chemical 

composition at minimal cost. This can be ensured only in case of quality raw material basis and trouble-free 

operation of blast-furnace [4]. However, the question arises if a sole owner is sufficient to guarantee a 

coordinated effort in the value network. The article contributes to the answer to this question based on the 

results of a primary research conducted in 2012 in selected enterprises of chemical industry. First, the paper 

presents areas, the degree of closeness as well as the way of cooperation of selected enterprises of the 

chemical industry and other entities of the value network (some of which are owned by the same owner). 

Subsequently, it discusses the possibility of further improving activities of business value networks as a 

result of strengthening the coordinating function of the entity which owns a significant number of individual 

links of the value network.  
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mailto:hana.lostakova@upce.cz
mailto:zuzana.pecinova@upce.cz
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2. THEORETICAL BACKGROUND  

It is widely accepted that customers derive value through resource integration, by integrating their own 

resources with those provided by organization and other network actors [3]. For this reason successful 

companies do not just add value with a fixed set of activities, but they reinvent the value-creating system, 

with different economic actors (e.g. suppliers, business partners, allies and customers) working together to 

co-produce value [2]. Group of stakeholders differs for each company; similarly, the importance of each 

member of the group is different [5]. Companies’ key strategic task is the reconfiguration of roles and 

relationships among this constellation of actors in order to mobilise the creation of value in new forms and by 

new players. [2].  

In value network must be the interface between innovation superstructure and innovation infrastructure [6, 7, 

8]. The innovation superstructure consists of clients, regulators and professional institutions. The innovation 

infrastructure comprises component suppliers, trade contractors and specialist consultants [8], see Fig. 1.  

 

The members of the value network must trust one another. Then there will be ways by which the two parties 

can work out difficulties such as power conflict, low profitability, and so forth [9, 10]. 

In creating and running a value network, a system integrator plays an important role. The system integrator 

can generally be any member of value networks. It can be the customers. In this case they must acquire the 

necessary skills and knowledge to be effective resource integrators as they engage in activities that facilitate 

or create value. Supporting customer learning, then, is a pressing new challenge for firms that recognize 

customers engage in resource integration in the course of their value-creating processes [3]. Systems 

integrators add value through systems integration: they integrate components, technologies, skills and 

knowledge from various organizations into a unified system for an individual customer. To do so, systems 

integrators set-up a strategic network of organizations and coordinate the process of integrating dispersed 

resources of the network members [8]. 

The role of systems integrator comprises two main tasks [8]: 

1) Systems integrators set-up a network of various organizations. From a strategic viewpoint, they 

configure the organizational network in terms of members, relationships and division of work. This 

includes decision making regarding issues such as sourcing (insourcing vs. outsourcing) and the type 

of contractual terms (formal vs. informal) to be adopted in relationships.  

Regulators                

Specialist consultants             

Systems integrators 

Innovation super structure 

 

 
Professional institutions 
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Innovation infrastructure 

 

 

Trade contractors Component suppliers 
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Fig. 1 Innovation structure in complex product systems industries [6, 7 ,8] 
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2) Systems integrators coordinate the work of the organizations involved in the network. By orchestrating 

the activities of the network members systems integrators guarantee the coherence of the network 

output. 

This means that the system integrator is responsible for all activities related to setting the form of the value 

network. According to literature [2, 11, 12], this means in particular to create:  

3) Network structure - referring to the physical footprint of resources, including the size, number, 

types/roles of network members and the rationale of network design. 

4) Operations processes - referring to the flow of material and information between network members to 

create valuable output to customers. 

5) Governance system - referring to the mechanisms to direct and control the network, including authority 

structures, performance measurement and coordination mechanisms. 

6) Support infrastructure - referring to the enablers for network members to work together, including 

information systems, tools, resources, cultures and behaviours. 

7) External relationships - referring to the interaction with external partners, including suppliers, 

customers, users and collaborators [2].  

After establishing the form of the value network, it is necessary to create a value network strategy. The 

system integrator appears to be a suitable element for its creation. As part of this strategy, it needs to be 

solved how global network operations will contribute to customer value and thus the overall competitiveness 

of a firm through: generating innovative ideas and selecting ideas efficiently; encouraging innovative 

conceptual design and establishing efficient development processes; producing and delivering 

products/services efficiently and flexibly; and providing flexible services and supporting customers efficiently 

[2]. 

It is also necessary to determine the degree of closeness of cooperation between the links in the chain. 

According to Kampstra et al. [13] it is possible to distinguish: 

 The initial level of collaboration is “Communication” assuming there is no starting collaboration. The 

goal of this level is to improve productivity and enable information sharing through simple IT 

applications.  

 The second level of collaboration is “Coordination,” which focuses on the coordination of intra- and 

inter-entity processes. The main purpose at this level is to synchronize flows and to automate certain 

routine decision-making processes to improve speed and accuracy.  

 “Coordination” necessarily involves additional investments in IT infrastructure. The third level of 

collaboration is “Intensive collaboration,” which implies increased involvement of the collaboration 

members to improve the strategic management decision-making and enhance innovation in the chain. 

A high level of collaboration creates a more open dialogue amongst collaborative entities and tends to 

spread to other areas of the enterprise other than just those related to logistics.  

 The fourth level of collaboration is “Partnerships,” which involves extended financial linkages, such as 

sharing of investments and profits [13].  

Through systematic creation of the value network and value network strategy, greater efficiency may be 

achieved through mechanisms such as economies of scale/scope, international operation synergies, 

resource sharing, and reusing existing knowledge and solutions; and a network may achieve greater 

effectiveness through mechanisms such as quick response to environmental changes, market/technology-

driven innovation, mobile resources and flexible operation approaches [2, 14]. 
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3. PRIMARY RESEARCH RESULTS  

The primary research carried out in the first half of 2012 in enterprises of several industries was also focused 

on the detection of the form of the value network, in which a company is also involved, as well as of areas 

and forms of cooperation among individual entities of the value network. The research was also conducted in 

chemical industry enterprises developing cooperation with other entities of the value network that are owned 

by the same owner. 

3.1  Company A and its Cooperation with Other Entities in the Value Network 

The chemical industry company, where the primary research was conducted, produces basic chemical 

compounds used for next processing. Its business relations arise from historical approaches to the 

construction of the chemical industry, where production processes within firms and the entire economy were 

built as complementary. Currently, the firm buys inputs from partners and sells the majority of its production 

to Czech and Slovak companies as customers. They are part of the same ownership group. In meeting its 

customers' needs, the company collaborates with other institutions as well, particularly with transport 

companies, state administration authorities, higher education institutions and a research institute. It thus 

develops not only customer-supplier relationships, but also relationships within the value network.  

The company cooperates with suppliers and customers mainly in collecting market information, in analysing 

and forecasting demand, planning and realizing procurement, production and sales, but also in planning 

supporting processes, especially maintenance. The partners work together also in eliminating problems 

resulting from discrepancy (in particular logistics) of plans and reality as well as in crisis situations. As far as 

cooperation with other entities is concerned, the company cooperates closely with a contractor providing 

transportation by rail, in the planning and implementation of research it cooperates with universities and a 

research institution (which is also part of the ownership group). The company assesses cooperation with the 

transport provider as particularly important. The company provides appropriate tanks for temporary storage 

of products and gradually assumes responsibility for the maintenance of railway lines within the territory of 

the company. The company and this partner also share information to enable fast and flexible response from 

this partner. The importance of this cooperation is increasing also because the partner serves to other 

entities (manufacturing companies) within the group.   

Regarding the degree of closeness of cooperation, the company with its business partners in the value 

network applies the lowest form, i.e. communication. They share information helping in particular to adapt 

the production volume to the market situation and the continuity of material flow. It enables the partners to 

align business plans and activities carried out. Purchasing and selling operations are contractually treated in 

the usual way (orders, sales contracts), and the company also uses framework agreements.  

The company cooperates only with direct consumers and immediate collaborators in the creation of value for 

direct customers; there is no cooperation with other partners across the supply chain (customers of these 

consumers).  

3.2  Company B and its Cooperation with Other Entities in the Value Network 

Company B, where the primary research was conducted, produces high-quality cosmetic products for 

personal and hair care. The wide range of products is further extended with preparations to sweeten a stay 

in a hotel or customer comfort during a flight. The products are intended for direct consumption by end users 

who are direct customers of hotels and hotel chains.  

The company products are made: 

1. to order, when they are produced on the basis of precisely defined customer requirements regarding 

the composition of the product, design, supplier of raw materials and other inputs, method of 

manufacture and packaging, number of supplements, etc. 
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2. to stock - where all the activities from the creation of the future shape of the product through the 

production planning to the implementation of the final version are planned and implemented by the 

company itself.   

The company is the last manufacturer in the value network. When selling, it collaborates with other members 

of the ownership group, i.e. selling institutions, which enables customer service anywhere in the world. For 

the sale, however, it uses completely independent distributors as well. In satisfying its customers, the 

company collaborates with other institutions, both with other manufacturers, to whom responsibility is 

devolved for part of the production process (in particular finishing and completing operations) and with 

logistics assistants (providing storage and transport operations). It also cooperates with universities 

(providing personal development of the staff and cooperating in the research and development of new 

technologies).   

Cooperation of the company with suppliers, consumers and other entities basically takes place under normal 

commercial relations, ordering of products and other services takes place among the partners in the value 

network through orders and confirmation thereof and through sales contracts. The only long-term contract is 

a contract between the company and the management of the entire ownership group specifying the range of 

powers and responsibilities. Among the partners there is no significant information sharing. Hotels and hotel 

chains share information on experiences and satisfaction with the use of products, but information to support 

continuous material flow is not forwarded. Collaboration with suppliers is significantly influenced by the line of 

business; great emphasis is placed with supplies on the delivery of inputs exactly according to technical 

specifications and on the stability of supplies. Neither the cooperation with other entities in the value network 

can be regarded as beyond normal relationships, there are repeat purchases at maximum. Framework 

contracts are not used to stabilize the material flow either. It can therefore be stated that the closeness of 

cooperation is less than the lowest form, communication.   

4. DISCUSSION OF PRIMARY RESEARCH RESULTS  

Content analysis of the results of primary research carried out in the Company A revealed that a sole owner 

contributes to the successful building of the value network. A sole owner of the ownership group, to which 

the Company A belongs too, affects the choice of suppliers and customers, suppliers belonging to the same 

ownership group become preferred. As a result, it influences the structure of the entire value network. At the 

same time, it affects the use of other entities by individual enterprises of the group, for example, the transport 

company gradually expands its services towards other businesses. This gives a basis for optimizing 

transport services across a considerable part of the value chain.   

It is quite obvious that the sole owner significantly reduces the fear of misuse of information provided to the 

business partners (if the supplier or customer misused it, they would damage the same owner). Businesses 

in supplier-customer relations not only readily share market information, but also information enabling 

greater continuity of material flow. Indications can be traced of derived planning in the related enterprises 

that are part of the same ownership group and joint emergency and crisis response. Much less fear of 

misuse of information undoubtedly contributes to the development of cooperation and we can expect a 

gradual transition to a higher form of cooperation. However, cooperation with other organizations in the value 

network currently takes place in a rather haphazard way and aims especially to increase the continuity of the 

material flow. The shift to a higher form of cooperation would undoubtedly be facilitated, if a so far non-

existent single basic strategy was created (and a common strategy by business functions).  

The analysis of the information obtained in the Company B revealed that the given value network is much 

less influenced by the sole owner. Its influence has scarcely any impact here. This value network works in 

essentially the same manner as the value network without an owner controlling several of its entities. In this 

case, the sole owner did not help to develop cooperation at least at the level of communication that would 
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become the basis for the coordination of activities in the value network. In this value network, all business 

relationships are, at best, on the level of repeat purchases. In this case, the sole owner does not fulfil the role 

of the system integrator at all, nor does it formulate a value network strategy.  

Regarding the improvement of the activities of the value networks, the sole owner does not guarantee 

optimal functioning of the value network. To do so, it needs to fulfil the role of the system integrator. It must 

actively and purposefully build a functional value network, create a value network strategy and, in order to 

fulfil it, coordinate activities carried out in the value network. It needs to have sufficient position and tools for 

its activities. The strategy created should be focused on the emergence of strategic benefits in the value 

network. 

5. CONCLUSION 

Pressing challenges include keeping pace with shorter product life cycles, incorporating multiple 

technologies into the design of new products, co-creating products and services with customers and 

partners, and leveraging the growth of scientific and technical knowledge in many sectors [1] including 

metallurgical industry, too [15]. Joint creation of products and services is not possible without the 

development of cooperation among partners in the value network, which must be coordinated and focused 

on creating strategic benefits. As shown by the primary research conducted, this kind of work has not yet 

been routinely applied in practice of Czech chemical companies. Therefore, further scientific work of the 

team shall focus on the formulation of recommendations leading to the strengthening of relations among the 

entities in the value network in order to increase the performance of the value network and its individual 

parts.    
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Abstract  

Proceeding globalization, increase of competition influence, increasing crisis symptoms, but also new 

cooperation possibilities are challenging for the companies. They are often related to changes in the 

strategic and operational management. The changes are reflected by new principles and structures of 

business models (that describe the idea of run business), where different forms of innovation play special 

role. Thus, business models that are capable of generating and diffusing innovations are more and more 

important. Determination of their role and meaning in the adopted and executed strategies and operations 

performed by the companies is often the condition that provides competitive edge and profits. Purpose of the 

paper is to present business model concept based on the principles of so called new age of innovation, 

emphasizing the meaning of social infrastructure (human resources), business models and technical 

infrastructure. Based on own research in companies operating in the metallurgical sector, the following thesis 

is put: introduction of process and product innovations affects the changes of the business model structure. 

The research object concerns an important theoretical and practical scientific problem within the discipline of 

management, in particular business modelling of companies. Within the last decade, the issue of 

constructing business models was very interesting as regards both science and research among foreign and 

domestic researchers and practical users. Subject of the research is average commercial and production 

companies within metallurgical sectors that do not belong to corporative structures.  

Keywords: innovations, business models, metallurgical companies, dynamics  

1. INTRODUCTION  

An interesting cognitive issues is the look at innovation as an important element of strategy structure as well 

as business models corresponding with them. In particular, structures and principles of constructing modern 

business models are of particular importance, where different forms of innovation play special role. 

Specifying their role and meaning for strategic solutions adopted by companies condition attaining 

competitive edge that decide about their development and functioning on the market. Thus, within the last 

period, issues related to building business models able to apply innovations are very interesting within 

scientific and research field, both for practitioners and theorists Purpose of the paper is to present business 

model concept based on the principles of so called new age of innovation, emphasizing the meaning of 

social infrastructure (human resources), business models and technical infrastructure. Based on own 

research in companies operating in the metallurgical sector, the following thesis is put: introduction of 

process and product innovations affects the changes of the business model structure. Subject of the 

research is average commercial and production companies within metallurgical sectors that do not belong to 

corporative structures. Results of research are presented using case studies of two selected companies. The 

first of them is commercial and designing company engaged also in running steel product service centres. 

The second on is long hot rolled steel products rolling mill. 

mailto:Jan.Brzoska@polsl.pl
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2. ROLE OF INNOVATION IN BUSINESS MODELS CONCEPTS 

In one of the most thorough papers devoted to building business models A. Afuah [1] presented a company 

business model as a set of tasks, methods and time for their performance, using own resources in order to 

create the highest quality for customer and guarantee a position to take over goodwill [1]. It says that in 

practice, innovations can be applied within all its elements, however they are necessary to create value for 

customer [1].  

K. Obłój [5] defines business model differently, treating it “as combination of company strategic concept and 

technology of its practical execution understood as a construction of value chain that allows for efficient 

operation and restoration of resources and skills". In his considerations, he distinctly emphasizes the need to 

combine the adopted company strategy with its ongoing business that conditions its effectiveness.  

G. Hamel [4] presented and interesting study of companies business models meaning in the context of 

innovativeness. Business model is treated in it as the basis of innovative business concept. In the author’s 

opinion, especially within the areas of the most modern sectors, new models of running a business destroy 

the old order by far more than introduction of new technologies. G. Hamel proposes a structure of such 

model (considering it as understandable and complete) that is based on four most important elements: base 

strategy, strategic resources, connection and relationship with customers, network value [4]. 

Very interesting and innovative approach to creation of strategy based on innovations is presented by W. 

Chan Kim and R. Mauborgne [3]. The presented strategy is called a blue ocean (as distinct from current 

concept of competing commonly called “red ocean strategy”) and is based on value innovation. The 

mentioned authors presented the principles, tools and diagrams of operations that allow construction as well 

as utilization of new market space. In their opinion, it is a space free from competition. Such space can be 

created only by the whole system of operations leading to gradual increase of value, both for customer and 

the whole company. The system is focused on searching for nee market area capturing demand in it [5]..  

Creators of so called new age innovations principles C. K. Prahalad and M. S. Krishnan[6] find the business 

model as one of the most important element of business transformation structure. Pillars of the 

transformation are two principles: 

1. Value is based on exceptional personalized experience and expectations of customers. Companies 

must focus on individualization of value for customer. Regardless of the customers number, attention 

should be centrally focused on the position of a single person. The pillar is identified as N = 1. 

2. All companies have the access to the global ecosystem that also covers resources. Attention of the 

companies is focused on the access to the resources, not only on possessing them. This pillar is 

identified as R = G. 

In the performed studies, innovative business model is developed based on these rules, considering that it is 

proper for development of knowledge-based economy that represents the basis of innovativeness both 

domestic and regional. Business model according to so called new era innovation is based on configuration 

of social architecture and technical architecture connected by business processes. 

3. CONCEPT OF THE METHOD TO EXAMINE THE BUSINESS MODEL CHANGES 

The developed business model is the basis of the method used to analyse the dynamics of change of its 

structures in relation to a given company. This model is schematically presented in Fig. 1.These changes 

were related to various innovations introduced in the company to high extent. 
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Fig. 1 Scheme of the concept of the method to examine the business model changes in the company 

(Source: own study) 

These could be product, process, organization and marketing or social innovations. Business model based 

on principles (theory) of new age innovation covering social and technical architecture as well as business 

models binding them allows for analysing changes and creating concepts of company development [2]. 

4. CASE STUDIES 

4.1 Trading and service company of metallurgical products (Company 1). 

The examined company has been established in 1999 and in 2012 attained sales at level ca. 12 million EUR 

and its economy value added (EVA) is at the level 300-400 thousand EUR. At the end of 2012, the examined 
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company employed 105 employees. Within the Company, research of the business model change within 

2006-2012 was performed. Within this period, the company changed the business model from trading 

company to servicing and trading company by starting the servicing centres of steel products. Efficiency of 

the extended scope of services was related to high extent to introduction of modern systems of customer 

services based on close relations and prosumer orientation (marketing innovation).Method, which diagram is 

presented in Fig. 1, was used to examine the business model changes in the company in question. Business 

model structure changes results are presented in Table 1. When analysing changes in the business model 

structure, one must note the observed changes in the employment structure as well as development of 

employees’ competences that allow for developing value chain shaping competitive edge. It is safe to say 

that application of many types of innovations is related to both changes in the technical and social 

architecture and entails the need to apply new business processes. 

Table 1 Changes of elements of business model the examined Company 1 within 2006-2012 

Period 2006- 2008 2009-2012 

Social architecture 

Employment(%Sh
are of university 
degreee empl) 

134    148        96 
(42)     (38)      (42) 

101     98       112     105 
(68)     (72)      (72)     (76) 

Strategic 
competences 

Trading competences: sales of 
metallurgical products and 
construction materials. customer 
service:  

Main new competences: engineering service of 
metallurgical products production of steel 
structures. CRM and construction of prosumer 
nature contacts 

Knowledge 
resources 

Limited scope of formal 
information and knowledge. 
Information and knowledge 
gained individually by employees. 

Significantly increased range of formal 
information and knowledge 
(trainings).Information and knowledge gained 
individually by employees Less meaning of 
utilization of hidden knowledge. 

Technical architecture 

Material 
resources  

Logistics and property resources 
used while retail and wholesale 
sale.  

Modern devices for plastic working, metal 
working and production of steel structures.. Well 
organized procurement system (leading 
manufacturers of metallurgical products).  

ICT resources Basic IT solutions within the 
scope of accountancy and sales. 
Information about customers and 
competition used in hidden 
knowledge (narrow scope) 

Controlling IT system, CRM system, engineering 
designing systems, metal working control 
systems, steel structures modelling IT systems 
(industrial scanners). Developed ICT. Using 
cloud computing. Initially Software as a Service, 
then Platform as a Service. 

Operations and processes 

Processes map 
Business 
processes 

Business processes: 
procurement, sales of 
metallurgical products, marketing 
on the metallurgical products 
market. Poorly developed HR 
processes. Outsourcing of 
transportation services. Cleaning 
services and plant security. 

Business processes: metallurgical products 
service, procurement, production of metallurgical 
products, metallurgical products market 
marketing, designing and advisory. Insourcing of 
transportation services. Developed HR process 
(selection of staff, motivation system). 
Controlling process, risk management process. 
Outsourcing of cleaning services and building 
security. 
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Continuation of Table 1: 

Type and 
structure of the 
value chain 
 

Simple chain of value - source of 
creating the value based 
wholesale and retail. 
 

Developed chain of value, adaptation of the 
whole chain to the customer’s needs, 
Creating source based on specialist services; to 
less extent of trade. 

Resources of 
information, 
knowledge and 
their utilization 

Insignificant support by IT 
systems in business processes. 
Use of hidden information and 
knowledge. 

Strong support of business models by IT 
systems. Intensive development of information 
resources utilization to create explicit 
knowledge. Information to implement innovation.  

Attained 
competitive edge 
and its sources 

1. Cost edge in metallurgical 
products sales obtained because 
of relatively low fixed costs and 
competences while purchasing 
metallurgical products.. Edge 
resulting from location 

1. Edge resulting from differentiation of service 
and design services attained mostly by design 
and service competences and relationships with 
customers. Edge resulting from availability 
(location, e-business). Cost edge in metallurgical 
products sales obtained because of relatively 
low fixed costs  

Source: own study 

4.2 Hot rolled steel products rolling mill (Company 2) 

The examined company has been established in 1994 as a result of restructuring of large metallurgical 

holding operating as a joint stock company, where employees were the major shareholders. At the end of 

2012, attained sales at level ca. 45 million EUR and its economy value added (EVA) is at the level 1.5- 1.6 

thousand EUR. At the end of 2012, the examined company employed 232 employees. Within 2006-2012, 

change of the business model took place in the company. Within that time, slow changes of business model 

took place because for many years innovations were implemented to a very limited scope or not at all. The 

applied business model was based on limited assortment of long steel products, hot rolling technology, 

production property leased on favourable conditions and relatively low costs of work. Changes of the 

business model took place after process innovations were introduced together with new products. When 

analysing changes in the business model structure (Table 1), one must note the observed changes in the 

employment structure as well as development of employee’s competences that allow for some development 

of value chain shaping competitive edge. It is safe to say that applied product and process innovations 

changed technical architecture to higher extent than social in the analysed model. In case of business 

processes, the observed changes concerned modernization of production processes and application of 

these processes, such as quality management, project management and using BSC. 

Table 2 Changes of elements of business model of the examined Company 2 within 2006 - 2012 

Periods 2006 - 2009 2010 - 2012 

Social architecture 

Employment 

(%Share of uni- 

ver.degree em.) 

257    253     252   256 

(6)     (6)     (6)    (7) 

237      240       232 

(8)      (10)       (10) 
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Strategic 

competences 

Production related: production of 

metallurgical products (long rolled 

products).  Competences related to 

charge suppliers cooperation. 

Main new competences: related to 

cooperation with charge suppliers from 

outside EU. Competences related to 

cooperation. 

 

Continuation of Table 2: 

Knowledge 

resources 

Limited scope of formal knowledge (and 

information. Information and knowledge 

obtained individually by employees 

(narrow scope limited mostly to technical 

knowledge). 

Increased scope of formal information and 

knowledge (training). Information and 

knowledge obtained individually by 

employees (wider scope extending 

beyond knowledge).  

Technical architecture 

Material 

resources, 

characteristics of 

the potential  

Property resources at average technical 

level. used to production of typical long 

products (squares, bars, flat bars). 

Capital exceeding value of the leased 

property.  

Using equity to invest in new technologies 

and products. Modern technical devices 

for servicing metallurgical products. Well 

organized system of delivers from outside 

EU. 

ICT resources 

(systems) 

Basic IT solutions within the scope of 

production control, sales. Information 

about customers a used in hidden 

knowledge 

Modern production control systems. 

Controlling and accountancy IT system 

(including BSC), CRM system. 

Business processes 

Processes map 

Business 

processes 

Business processes: production and sale 

sot warehouses of classic long 

metallurgical products purchase of 

charge, marketing of metallurgical 

products. HR process - rigid motivation 

system, limited trainings.  

Main new processes: service of 

metallurgical product, purchase of charge, 

project management. HR process - 

motivation system related to effects 

(BSC), more training.  

Type and 

structure of the 

value chain 

 Value chain - creating the value based 

on effective production of typical long 

products (shapes). 

More developed value chain - creating 

value based on effective production of 

both typical and innovative long products 

as well as metallurgical service. 

Information 

resources and 

their used in 

processes 

Insignificant support by IT systems in 

business processes. Use of hidden 

information and knowledge. 

 Support of production processes and 

services with modern information 

systems. Utilization of information to build 

explicit knowledge. 

Attained comp- 

etitive edge and 

its sources 

The edge is based on price / standard 

quality /ratio concerning manufactured 

long products (shapes) 

1. The edge is based on price  The edge 

is based on differentiation and flexibility of 

services. 

Source: own study 
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5. CONCLUSIONS 

Business model based on so called new era innovation shows the company functioning changes caused by 

innovation implementation. In particular, one can analyse business model structure changes, such as 

technical and social architecture as well as business processes. The performed examinations show that 

companies which have implemented and still implement various innovations, exhibit changes in the structure 

of their business model. The introduced new production resources or ICT systems are accompanied by 

development of knowledge resources and increase of employees’ competences. Favourable changes in 

employment structure took place in both of the companies. In case of Company 2, radical (considering 

conditions and scale of the company) innovations were introduced that significantly changed the business 

model. Analysis of business processes changes dynamics in the examined companies show their 

development oriented at better relationships with customers, extended product offer and diversified services. 

In the management processes, risk management and strategic controlling using Balanced Scorecard play 

more important role. Competition and search for new demand necessitates reorientation of companies; 

business models based on radial innovations will used to more and more extent. Application of innovation in 

building new models is the grounds of their resistance to imitation capacity and loss of effectiveness. 
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Abstract 

Ant colony optimization uses algorithms inspired by the foraging behaviour of real ants in the wild. Ant colony 

algorithms aim at finding approximate, near optimal, solutions to optimisation problems through the use of 

artificial ants and their communication via synthetic pheromone called stigmergy. As a part of bio-inspired 

optimization methods are these metaheuristics generating considerable interest for solving real world 

problems therefore are widely investigated across many different science branches. The aim of this paper is 

to presents the overview of recent application in metallurgy. Other related real world applications providing 

inspiration for metallurgy optimization in the context with further research suggestions are also presented. 

Keywords: ant colony algorithm, optimization, metaheuristics 

1. INTRODUCTION 

Biology inspired optimization methods are a category of algorithms that imitate the way nature performs. This 

category has been quite popular, as numerous problems can be solved without rigorous mathematical 

approaches. Using the properties of living systems allows us to create artificial systems while maintaining the 

robustness and adaptability of living systems. [1] 

The main reason for the intensive development of bio-inspired algorithms is the fact that these processes 

show a remarkable ability to find optimal or near optimal solutions even in very difficult conditions. This is 

suitable for solving complex optimization problems such as the optimization of empirical functions, which 

cannot be described mathematically, the optimization of complex sets such as sets of documents or 

information, or to optimize under dynamically changing conditions. [2] 

Bio-inspired algorithms are a proper tool for finding practically usable solution of problem in which a larger 

number of parameters enter, which can take a wide range of values and thus creates a wide search space 

for finding optimal solutions. Finding such a solution by standard methods and testing all possible solutions is 

too time consuming or not possible in real time. Algorithms inspired by the living nature are able to shorten 

the time needed to find enough good solutions and they allow us to create digital models of various logistics 

systems, including manufacturing, construction, supply chains or transportation [3]. This allows us to 

optimize various parameters of the system, such as material flow, use of resources or scheduling orders. 

Therefore the decision making by the bio-inspired algorithms can be applied at all levels of planning in the 

company. 

Bio-inspired algorithms can be grouped by the area of inspiration [4], as shown in Table 1 below. So far the 

most researched and commonly used optimization methods are algorithms inspired by evolution, which use 

the principle of evolution and genetics to find usable solutions.  

This article presents a missing overview of Ant Colony Optimization (ACO) applications in metallurgy and 

other related applications providing inspiration for future use of this group of algorithms at all levels of 

management in metallurgical companies. For that purpose mainly ProQuest and IEEE databases were 

manually searched and suitable articles were extracted. In this article only real world metallurgy applications 

are being presented excluding the computational science and other research areas.  

mailto:martin.cech@vsb.cz
mailto:sarka.vilamova@vsb.cz
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Table 1 Various bio-inspired optimization algorithms grouped by the area of inspiration. Source: modified [1] 

 

2. ANT COLONY ALGORITHMS 

Ant colony algorithms belong to the group of optimisation methods inspired by the swarm intelligence. 

Methods inspired by this part of biology are based on the model organism population behaviour. Swarm 

intelligence encompasses the implementation of collective intelligence of simple agents groups that are 

based on the behaviour of real world ants, as problem solving tool. The fundamental feature of ants in that 

colony is their social behaviour and communication with others through the environment called stigmergy as 

shown in Fig. 1.  

 

Fig. 1 Ants stigmergy 

1) the first ant find a food source (F), using some path (a), then it comes back to the nest (N), laying a 

pheromone trail. 2) the ants follow one of the 4 possible paths, but the reinforcement of the trail make the 

shortest path more appealing. 3) the ants follow the shortest path, the pheromone trail of the longest ones 

evaporates. 

Real ants are capable of finding the shortest path from a food source to their nest. While walking ants 

deposit pheromone on the ground and follow pheromone previously deposited by other ants, the essential 

trait of ACO algorithms is the combination of a priori information about the structure of a promising solution 

with a posteriori information about the structure of previously obtained good solutions. [5] 
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In ACO, a number of artificial ants build solutions to an optimization problem and exchange information on 

their quality via a communication scheme that is reminiscent of the one adopted by real ants. [6] 

To find a shortest path, a moving ants lay some pheromone on the ground, so an ant encountering a 

previously trail can detect it and decide with high probability to follow it. As a result, the collective behaviour 

that emerges is a form of a positive feedback loop where the probability with which an ant chooses a path 

increases with the number of ants that previously chose the same path. [7] 

3. ANT COLONY OPTIMIZATION APPLICATIONS IN METALLURGY 

Although over four thousand articles referring to ant colony algorithms were found in the above mentioned 

databases, only small part of them referred to applications in metallurgy. Most of found articles deals with ant 

algorithm itself as computational method and refer to artificial intelligence, information technologies, 

programming and design of networks.  

When applied in metallurgy ant colony algorithms are used mostly for solving technical problems. The great 

example is optimization of secondary cooling in continuous casting process because of its major impact on 

the quality of slab. Cao, Pei and Wang [8] refer to maximum rate of cooling and surface temperature rise 

speed as the key factors causing inside and surface cracks of the slabs. They used ant group algorithm to 

optimize water distribution in the model of continuous casting secondary cooling which was established 

according to various metallurgical criterion like goal surface temperature, straightening spot temperature, 

surface temperature maximum rate of cooling, surface temperature rise speed, fluid core length etc.  

The secondary cooling process was also examined by Zhang [9] who developed algorithm for improving the 

surface temperature distribution based on ant colony algorithm through the solving of optimal secondary 

cooling flow rate under different casting speed.  

As the heat transfer coefficient in secondary cooling zone, part of the boundary conditions, is important and 

difficult to determine Zhenping, Biao, Zhi and Zhaoyi [10] introduced improved ant colony algorithm for 

parameter identification problems. This algorithm was applied to determine the convection heat transfer 

coefficient of secondary cooling zone for continuous billet steel caster by nail shooting and measuring the 

thickness of solidified shell to acquire the data. 

According to Song [11] the massive ore are needed in the steel-making process of the iron and steel 

enterprise. The blending of the ore material is the important step, which influences the following production 

process. XuWei [12] used ant colony algorithm to achieve burdening plan and expected ingredient. 

Li Zhi [13] established raw ore balanced-blending model and ant colony algorithms were used in optimization 

of raw ore balanced-blending for smelting iron and steel in order to settle the gradual shortage of raw ore 

materials. The blending proportion optimization was studied also by Hongfang [14]. The precision of SiO2 

and the TFe content in blended ore was taken as the objective function. The real-time optimized computation 

of raw material proportioning was conducted using ant colony algorithm with good results. 

Ant colony algorithms are also used for solving scheduling problems as one of the main applications 

domains of these methods. Gravela, Priceb and Gagnéa [15] used an ant colony metaheuristics for the 

solution of an industrial scheduling problem in an aluminium casting centre. They present an efficient 

representation of a continuous horizontal casting process which takes account of a number of objectives that 

are important for the scheduler. Schedulers they have encountered in that project used the results produced 

by the metaheuristic and felt that it well represents the constraints and objectives with which they were 

faced. 

ACO can be used also in terms of logistics. According to Xiao, Wang and Gui [16] train sorting and 

classifying operation and placing-in and taking-out operation in metallurgical industry are the key sections in 

operation scheduling of railway transportation. Determining the proper sorting scheme and coordinating with 
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the placing-in and taking-out operation can reduce the time that train stays in the factory and can save the 

cost of the factory. Above mentioned authors used the ACO to obtain global optimal train sorting and 

classifying scheme and placing-in scheme after choosing the optimal taking-out schemes. 

4. RELATED REAL WORLD APPLICATIONS 

Ant colony algorithms are widely used across many scientific branches for solving difficult combinatorial 

problems. The applications takes place mainly in solving scheduling problem, vehicle routing problem, 

traveling salesman problem, assignment problem, set problem and many others like classification, data 

mining, image processing, etc. Many of recent applications are providing the inspiration for future 

applications in metallurgy. Well researched is the vehicle routing problem with all its variances. Ant colony 

algorithms are used in waste management and waste routing. Bautista, Fernández and Pereira [17] used 

ACO for solving the urban waste collection problem represented by the model of urban waste collection 

area. Applications of ant heuristics can be found also in setting of railway optimal stowage. Rai-Xing and 

Zhen-Jiang [18] used ACO to optimize the loading capacity and volume of vehicles, besides the least 

number of vehicles needed in various conditions and proved used algorithm feasible and efficient. For closer 

view see the Railway Optimal Stowage Problem with Category Restriction.  

5. CONCLUSION 

Although Ant Colony Optimization is getting more popular in solving complex multi-objective problems, its 

potential is still not fully used in metallurgy. There is a wide range of possible applications in various parts of 

metallurgy, including logistics, economics, manufacturing, scheduling and others. All possibilities should be 

examined to get answers on unexplored questions. The attention should be aimed to finding similarities 

between metallurgical problems and other real world cases to apply the similar approach. In recent 

applications of ACO and other bio-inspired optimization methods can be found great results proving that 

exploring such methods is reasonable and can provide high cost savings or new beneficial solutions. 
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Abstract 

The aim of the paper is to examine and show the significant and irreplaceable role of control and controlling 

in the managerial practice in the context of thoroughgoing implementation of managerial functions with the 

stress on the current situation in the system of personal management in the industrial plant. 

Keywords: control, controlling, personal management, personal controlling 

1. INTRODUCTION 

There isn’t a day in which a reader of a daily newspaper, magazine, professional literature and a TV viewer, 

a man working with a computer on the worldwide net internet wouldn’t learn newer and newer news and 

information dealing with recession, situation on domestic or foreign markets. Yes, it’s very treated and 

current topic which influences each of us regardless our opinion or current position on the labour market. 

I’ve mentioned the labour market intentionally, because this market ,as well as, other markets functions on 

the principle of supply and demand for live work of individuals, workers, employees, shortly the ones without 

whom the system of any activity wouldn’t function and won’t function. Yes I’ve meant the people who appear 

on the labour market in various structures, current status and positions. People, namely, are considered the 

highest capital of good firms. [7]  

To make any system work, to predict possible risks and eliminate possible problems, to ensure efficiency in 

each sphere of an activity there exists a lot of clear rules, procedures and systems which are more or less 

verified and examined considering found differences in theoretical presumptions in practice and these are 

still developing. 

From the point of view of a concrete manager’s practice that means the people who have the status of 

“manager”, who were named to the positions of managers at the top, middle or line levels, should fill it to the 

maximum extent using basic and extended managerial functions including various more or less effective 

devices. 

In the sphere of personal management that first of all means, as Armstrong stated (2007), to secure strategic 

and logic attitude towards managing of the most valuable source that organizations have, that is, people who 

work in the organization and who contribute individually and collectively to implement organization 

objectives. [1]  

For managing it´s very significant and most advantageous if management doesn´t have to create direct 

systems of social control (supervision and surveillance) but if it reaches the state when people behave 

according to the professed firm culture spontaneously, on the basis of their own and unforced opinion  which 

leads to the operative and strategic performance of given tasks and objectives in each sphere and activity of 

an organization. 

mailto:ivanka.molinka@mail.t-com.sk
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2. MANAGERIAL FUNCTIONS AND TIME ORGANIZATION 

As a common man who wants to be successful and wants to reach his determined goals, as well as a 

manager is supposed to fulfil a lot of duties, tasks and demands connected with his function. Duties and 

demands, which are required from every boss, are usually named managerial functions. 

We can say that the basis of success of every manager is to perform given social roles in accordance with 

the given social position, by his fulfilling so-called managerial functions optimally, that is, basic duties and 

tasks which are given to a manager. [5]   

Management is more precisely understood and explained not only as  managing but also as the art of 

managing firm activities and everything that is connected. Performers of management are concrete people, 

directors - managers on various levels of hierarchical status in the structure of the concrete organization, 

who perform managerial functions.  

Among managerial functions that are usually named with various professional literature there belongs: 

 planning, organizing, and managing, 

 choice, admitting, naming to the positions and dismissing employees, 

 managing and control of employees, 

 evaluation, rewarding, motivation. [3], [5] 

From the point of view of manager´s guaranteed fulfilling planned tasks and goals, then organizing and 

managing his activity and activities of people he directs, that are chosen effectively, responsibly and fairly 

and named to the positions - joining loyal employees to their organization and finally their managing, control, 

that is, finding feedback, their evaluation, rewarding, motivation; an irreplaceable and very significant item in 

managerial activities is an effective time management and coordination of working and free time.  

In connection with effective and the best as possible planning and managing time that is determined for 

performing manager´s duties it´s necessary to realize and ask the following questions: 

 how to manage and organize my working day effectively not to be stressed and have more time for 

activities which are first of all important; 

 how to delegate work to the others; 

 how to make phone calls effectively, manage meetings and read plenty of e-mails; 

 how to determine my professional and personal goals and priorities at the optimum; 

 how to find stability in my life and prevent myself from burnout syndrome; 

 how to create my daily an weekly plans; 

 how to fight against “time eaters”. [4]  

Most of us can´t afford to change their professional life immediately, however, it´s quite easy to coordinate 

professional demands with personal abilities and needs. A manager should separate activities which he has 

to do by himself and those ones he can delegate as well as those ones he must solve immediately from 

those ones he can perform later.  

The clear and concrete goal of everybody that organizes, manages, leads and evaluates is to reach 

determined goals (a work result) and at the same time to fulfil required parameters in the shortest as possible 

time with the lowest as possible effort and of course with the lowest costs. 

At the present time in the era of boom  the demands and requirements on managers are higher than any 

time before, the time aspect from the point of view of reaching the goal of the concrete task is still shorter 

and shorter, the operative plans of task realization are changing extremely quickly, the pressure on 

optimization and minimization of all kind of costs is increasing which is connected with a lot of reducing and 

cumulating measures in the personal sphere and organizational structures, the sphere of control and the 

system of controlling has still higher importance and significance in each sphere of management.   
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3. CONTROL 

The basic managerial rule valid in the period of boom as well as in the period of recession is: “The one that 

manages, also controls“. In the introduction of this text there was written that it´s most advantageous for 

managing, “if management doesn´t have to create direct systems of social control”. Yes it´s an optimum 

condition and from the point of elimination of losses and costs, the condition wished by every owner, 

manager and in the end also every executive himself.  

Control activities are used by managers at all levels of management as a certain form of feedback by which 

they should have an objective idea of the controlled reality (implementation of planned objectives, degree of 

implementation of taken decisions). The point of control is a critical evaluation of the reality with regard to 

management objectives. As a result of this evaluation there are accepted appropriate audit conclusions. [6] 

Control is an inseparable part of managerial activities at all levels of management. The sense of control is to 

assure that the controlled reality develops in the correct direction and that specified goals will be reached.  

The subject of control can be phenomena and processes which are being implemented (the subsequent 

control), ongoing (the ongoing control), or future phenomena (the pre-screening control). From the economic 

point of view it´s desirable to prefer the ongoing control to the subsequent one, the pre-screening control to 

the ongoing one and everywhere it´s possible to prefer preventive measures which in the principle would 

prevent us from the undesirable condition to the pre-screening control. [6]  

At the present managerial practice it´s different. The changed times and first of all crisis also cause the 

change of character of manager´s work which will be more and more difficult. There comes the time of new 

understanding of management functions, i.e., the tasks the manger shall perform. A good example is the 

sphere of control.  

Control shouldn´t, in other words, mustn´t be satisfied only with naming faults, i.e., deficiencies from the 

planned goal and direction, but it also must look for the most hidden problems, analyse the cause of their 

appearance and offer alternatives of possible solutions and their elimination. Control evocates the 

atmosphere of fear and punishment. Sometimes control becomes redundant, looking for any mistake. 

Control shouldn´t become one of the ways of revenge, of solving personal problems between superior and 

subordinate workers, between managers and employees, as well as, and that is important, the reason of 

useless harassment and even discrimination.  

Control should also use its motivational dimensions and possibilities in a lot of cases hidden for example in 

the personal management. The change means the change of the controlled object. Creative activities 

become more important, the work is being more intellectual, the pressure on the quantity of qualified 

employees with sufficient invention and ambitions to grow personally and improve themselves is higher. The 

employees´ attitude towards their jobs is changing positively. The crisis asks for variability and over the past 

unconventional ways of working, leading, managing, deciding, evaluating, rewarding and growth of workers. 

In the connection with that, the subject of control must be also changed to be competent, to be able to 

lecturer and coach more. Control must be more contribution, valuable advice and consultation.  

 A control activity, especially if it´s performed as a specialized activity of controllers, auditors or inspectors is 

usually taken by controlled side negatively. To minimize this impression and at the same time to reach the 

greatest effect of control, it´s necessary to work professionally which considers the person of a controller 

himself as well as the procedures he uses, performing the control. [6] 

As well as another firm activity, the control activity with everything related won´t be successful if we have 

wrong people and then it´s not important at all if we find the correct direction, expected results, the 

objectives, it won´t help us to create an excellent firm. The excellent vision without excellent people has no 

sense. [2] 
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4. CONTROLLING 

In the period of recession a firm in a market economy  is under great pressure of competition. Considering 

this fact it´s being made to improve constantly its inner processes and systems of management and react to 

new situations with new elements of management and methods which would make possible: 

 to evaluate how planned tasks and firm objectives are being implemented,  

 to reveal risks, draw attention to threatening and real deficiencies from the planned and required 

development, 

 to analyse and evaluate effects of business activities and decisions, 

 plan and program the firm development in summary and analyses, 

 to encourage the top firm management to reveal new firm activities bringing economic effect. 

These and a lot of other tasks and objectives are implemented in the system of the firm management also by 

controlling. 

Controlling activity helps to work effectively with information, with their collecting, classification, treatment, 

distribution and first of all with their preparation for decision processes when varieties of solutions are being 

looked for. In this way controlling becomes consultancy and service for management, however, this activity 

mustn´t  replace control activity, which is necessary to implement controlling tasks. [3] 

Controlling is looking for its place also in the sphere of personal management, there is possible  

to speak about personal controlling. Personal management, as well as, other firm functions, has dealt with its 

new role in the system of the firm management for a long time. Just personal controlling can prove that 

human resources are a strategic management device.  

Personal controlling is neither a control nor a review of the activity of professional services responsible for 

personal management. In a broader sense of the word that means philosophy of systematic management 

according to the objectives oriented to the future, serving to reach business objectives in the context of other 

functional spheres of controlling. 

The paramount role of personal controlling is to manage the process of personal activities by reporting 

personal indicators and standards, then to watch and  evaluate its quantity and quality and on the basis of 

finding unwanted deficiencies from the required condition, to accept corrective regulations serving for their 

removal and in this way to change it in the direction of set standards and objectives.  

According to the employees of Controller Institute in Prague who deal with implementation  

of controlling into the sphere of personal work, among basic tasks of personal controlling there are  

the following activities: 

 formulation of firm goals in the sphere of personal management, 

 examination and evaluation of their implementation, 

 transparency of the personal sphere and getting closer it to the needs of their, customers. 

The objectives set by personal controlling should: 

 be connected with strategic objectives of the firm, 

 define the benefits of personal management explicitly, 

 be formulated in the concrete form, 

 set responsibility for consequences of their implementation clearly. 

The devices of personal controlling the task of which is review of qualitative, respectively quantitative 

elements of personal activities are considered: 

 personal indicators and personal standards, 

 asking employees about quality, 

 audit of personal management. 
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On the base of professional studies from the sphere of personal controlling (Controller - Institute Prague 

2004), devices of personal controlling vary in the emphasize on quantitative or qualitative data and also with 

its operative and strategic direction. Typing of personal controlling devices is given in the Fig. 1. 

 

In the sphere of quantitative personal indicators there is very important to pay attention to various spheres: 

1. The sphere of personal costs and rewards, 

2. The sphere of recruitment and personal planning, 

3. The sphere of education and staff development, 

4. The sphere of motivation and staff satisfaction with their job, 

5. The sphere of personal management. 

Regarding the content of indicators itself or ratio of single indicators, it´s the firm decision which direction 

they will choose from the point of their needs in the concrete period, respectively which indicators they will 

set as standards in their controlling system. 

Each of given quantitative personal indicators must be included to the clear summary which will be the part 

of a regular report of a controller. 

In the sphere of qualitative personal indicators it´s possible to examine and include on-going information for 

the top management concerning:  

1. Work position (information about description of newly-occupied work positions or reports about review 

of free work positions), 

2. Recruiting and adaptation of stuff (records of job interviews with successful candidates, found strong 

and weak qualities of job applicants, prepared adaptation programs with specified tasks and objectives 

to enable their growth in the future), 

3. Movement of employees (leavings and layoffs), 

4. Evaluation of workers (forms from evaluation interviews and preparation of interviews), 

5. Education (given objectives, success and failure of their implementation).  

Controlling is substantially a management device, the inseparable and very important part of which is also 

personal controlling, the results of which help to prepare suitable conditions for manager´s decisions. The 

more precise and complex the results of firm controlling system are, the more valuable and effective the 

process of manager´s deciding is. 

Purposeful creation of human potential is substantial for building and developing of strong qualities and firm 

advantages in the competition. 

The roles of personal controlling also include implementation of positive behaviour of stuff. We mean such 

behaviour of staff that is a result of their satisfaction and leads to performing of other firm intentions.  
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5. CONCLUSION 

If the role of control in personal management and not only in this sphere of the firm management activities is 

a critical evaluation of reality including management objectives of the firm, the role of controlling in personal 

management, respectively the role of personal controlling is to recommend to the management on the basis 

of precise analyses how to manage human sources in the firm more effectively and complex.  

The system of control should represent the group of control activities which are connected to each other, not 

only summary of various individual controls. 

Introducing controlling into the system of personal management, the firm obtains not only an invaluable 

service in the sphere of information on the management of human resources in the sphere of qualitative and 

quantitative personal indicators and standards but also it shows ways of problems solution on the basis of 

acceptance and evaluation of implementation of certain measures to introduction of necessary changes of 

the present system.   
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Abstract  

The paper is devoted to a possibility to measure the company financial performance. This aspect is one of 

the crucial points in the financial decision-making of the metallurgy company. Several methodologies are to 

be applied. Multi-criteria method to efficiency measure on input and output relation approach on Data 

envelopment analysis (DEA) is described and applied. DEA method for CCR and BCC alternatives is 

explained and described. Simplified example of performance efficiency for ROA, financial leverage and 

liquidity indices is applied for ten decision-making units (DMU). Results are discussed, graphically presented 

and show possibility to successfully apply DEA methods.  

Keywords: financial performance, MCDM, efficiency, Data envelopment analysis (DEA), DMU, CCR, BCC 

1. INTRODUCTION 

Performance of company is one of the most important objectives of the financial decision-making and 

management. Metallurgical plants and units are characterised by the high investments and a longer 

innovation cycle. Company financial performance is in the metallurgy industry one of the crucial goal. 

Therefore a correct and credible performance evaluation is important aspect from  There is several 

conception based on multi-criteria decision-making (MCDM), how to measure company financial 

performance. The traditional approaches are based on the multi-criteria utility function (weighted sum 

method (WSM), weighted product method (WPM), simple additive weighted method (SAWM), analytic 

hierarchy process (AHP), analytic network process (ANP)), distance and compromise measures (TOPSIS, 

VIKOR, compromise solution, goal programming) and outranking methods (fuzzy preference relations) 

(ORESTE, ELECTREE, PROMETHEE). Special group of the multi-criteria decision method is Data 

Envelopment Analysis (DEA). DEA method serves to evaluation of the efficiency and performance of the 

various production subjects (decision making units (DMU)) including production companies. Advantages of 

the method are possibility to characterise the performance by a vector of factors (parameters, criteria, 

aspects, indices).  

The intention of the paper is an application and the verification of the DEA method in financial performance 

of companies’ evaluation. The output oriented and constant return to scale approach is investigated. 

Simplified example of ten companies and three financial indices is presented. 

2. DEA METHOD DESCRIPTION 

Data envelopment analysis (DEA) is a multi-criteria productivity analysis model for measuring the relative 

efficiencies of a homogenous set of decision making units (DMU). We can distinguish two basic approaches; 

output oriented and input oriented models. Due to functional dependence of outputs to inputs there exists a 

constant return to scale model (CRS) or a variable return to scale (VRS) one. The basic idea of the output 

oriented models is comparison of the output vector to input vector. Efficiency of the output and CRS model is 

following: 

mailto:dana.dluhosova@vsb.cz
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where Q is DMU investigated, 
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v  is weight of i-th output. The DEA model is formulated as fractional 

mathematical problem. Subsequently the model is transformed to the linear programming problem, primal or 

dual versions, which are used for computation. 

2.1 Description of the CCR (Charnes, Cooper, Rhodes) model  

The model CCR designed by Charnes, A., Cooper, W. W., & Rhodes, E. (1978) is a constant return to scale 

model (CRS) type.   
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k Q

, ; ,   for k ,  ...T , 

where 
Q

 is efficiency score, 
k
 is dual variable. 

Problem 4 Dual form of Problem 2 in a matrix form 
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 is efficiency score 0 1    Q
;  dual variable vector, X  input matrix, Y  is output matrix. 

Very important and useful information is the efficient level of inputs and outputs of particular DMU 

(companies). Company get information about how to improve total efficiency correcting the factors (inputs, 

outputs) level.  

Efficient (optimal) values of inputs and outputs 
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2.1 Description of the BCR (Banker, Charnes, Cooper) model 

The model BCC designed by Banker, R. D., Charnes, A., & Cooper, W. W. (1984) is variable return to scale 

(VRS) model type.   

Problem 5 PRIMAL Linear Charnes transformation of Problem 1 with flexibility  
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 is efficiency score, 
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3. DEA MODEL OF COMPANY FINANCIAL PERFORMANCE  

There is in the chapter proposed, applied and verified the DEA method application of company financial 

performance. 

3.1 DEA performance model description 

The model will be of CCR and CRS type. For computation Problem 2 and Problem 3 is applied. Values of 

efficient inputs and outputs are calculated as follows,


 

**

Q Xx , 
 

  

* *

Q
Yy . We suppose furthermore, 

outputs consist of three indices: return on assets (ROA), financial leverage (F) and liquidity (L). And inputs 

consist of one dummy factor, unit vector. Ten companies are analysed.  

3.2 Input data and results 

There are in Table 1 given outputs and inputs of particular companies.  

Table 1 Inputs and outputs of companies  

DMU 
Company  

Outputs (X) Inputs (Y) 

ROA A/E CA/CL DUMMY 

% CZK/CZK CZK/CZK   

A 5 3 2 1 

B 4 2 4 1 

C 5 1 1.5 1 

D 6 2 2.5 1 

E 6.5 2 3 1 

F 2.5 2 3.5 1 

G 7 4 1.5 1 

H 7.5 2.5 2.5 1 

I 6 3 2 1 

J 5 1.5 2 1 

Following Table 2, the optimal weights of every outputs and inputs, including efficiency are presented. Table 

3 show required correction of the inputs and outputs so as particular companies would have reached 

efficiency. Comparing an efficiency of companies, see Table 2 and Fig. 1, there are three groups of 

companies concerning efficiency. The first group consist of four fully effective companies, B, E, G, and H. 

The second group include companies D, A, I, F and last one is of companies J, C. 
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Table 2 Optimal weights of outputs and inputs  

DMU 

Weights 

Efficiency  Outputs (v) Inputs (w) 

ROA A/E CA/CL DUMMY 

A 0.0000 0.1923 0.1538 1 0.8846 

B 0.0000 0.0000 0.2500 1 1.0000 

C 0.1333 0.0000 0.0000 1 0.6667 

D 0.0667 0.0333 0.1667 1 0.8833 

E 0.0800 0.0000 0.1600 1 1.0000 

F 0.0000 0.1923 0.1538 1 0.9231 

G 0.0000 0.2500 0.0000 1 1.0000 

H 0.1333 0.0000 0.0000 1 1.0000 

I 0.0467 0.1133 0.1467 1 0.9133 

J 0.0800 0.0000 0.1600 1 0.7200 

Table 3 Optimal corrections of inputs and outputs  

DMU 
OUTPUTS INPUTS Efficiency 

  ROA A/E CA/CL DUMMY 

A 0.3846 0.0000 0.0000 -0.1154 0.88462 

B 0.0000 0.0000 0.0000 0.0000 1.00000 

C 0.0000 0.6667 0.1667 -0.3333 0.66667 

D -1.0000 -0.3333 -0.8333 -0.3333 0.66667 

E 0.0000 0.0000 0.0000 0.0000 1.00000 

F 1.4231 0.0000 0.0000 -0.0769 0.92308 

G 0.0000 0.0000 0.0000 0.0000 1.00000 

H 0.0000 0.0000 0.0000 0.0000 1.00000 

I 0.0000 0.0000 0.0000 -0.0867 0.91333 

J 0.0000 0.1000 0.0000 -0.2800 0.72000 
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Fig. 1 Companies efficiency 

4. CONCLUSION 

There is in the paper a possibility of application of DEA methodology for company financial performance 

evaluation described, explained and applied. Firstly, principles and formulations of DEA models are 

introduced. Model on CCR and CRS basis is applied in a simplified example with three output indices, 

dummy input and ten companies. It is apparent that an application of the DEA method is one of the useful 

and fruitful approaches of financial performance evaluation. Advantageous aspect of procedure is multi-

factor of inputs and outputs and not necessity to state preferences (weights) of criteria (inputs, outputs). 

Results could serve to creating a cluster of efficient companies and clusters of similarly efficient companies. 

The financial performance of the companies is furthermore possible to assess applying BCR and VRS 

model. Comparison of companies ranking on DEA, utility function and distance (compromise) measure could 

be interesting.  
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Abstract 

The article defines operational production logistics and summarises operational production logistics concepts 

and systems, which are mostly used in engineering production. It discusses specific features of metallurgical 

productions and limited possibilities of application these concepts and systems in that field. Advanced 

Planning and Scheduling systems are recommended as a promising approach for eliminating the limitations. 

Keywords: operational production logistics, metallurgical production, PPC systems, APS 

1. INTRODUCTION 

As production system become more and more complex where many types of machines, workers, and parts 

are involved, the production logistics activities have become more complicated and harder to execute and 

coordinate. They become even more difficult when the production system needs to adapt to fast-changing 

market needs. Nowadays, production logistics has become more challenging as manufacturing companies 

adapt to a globally competitive environment of fluctuating demand, larger product variety, time-based 

competition, flexible capability [1]. The known production logistics solutions are built on principles and needs 

of engineering production. Many specific features are, however, typical for metallurgical production, which 

significantly limit the possibility of direct application of these concepts and systems. The objective of this 

article is to present possibilities of application of the operational production logistics concepts and systems in 

metallurgical companies.  

2. OPERATIONAL PRODUCTION LOGISTICS CONCEPTS AND SYSTEMS 

Definition of production logistics can be formulated in accordance with Council of Supply Chain Management 

Professionals definition of logistics management: “Production logistics deals with planning, implementing and 

controlling efficient and effective flow and storage of materials, semi products, final products and related 

information in production processes of enterprises for the purpose of conforming to customers’ 

requirements.” Production logistics concerns not only with flow sections where materials and products are 

handled, transported and stored but also with technological sections, particularly from viewpoint of their time 

duration and way of capacity fulfilment. Production logistics is in close connection with the control of 

technological processes. Production logistics is essentially applied in two management levels - strategic and 

operational. The strategic level of production logistics includes basic decisions of medium-term to long-term 

character the general task of which is to create conditions for providing trouble free, economical production 

process while, at the same time, securing favourable working conditions [2]. The operational level of 

production logistics aims at medium-term to short-term time horizon. The operational production planning 

and control are the most commonly used terms in this context. 

Production has changed radically. The amount of needed materials, semi-finished products, components 

and parts has been growing sharply and, consequently, so has the complexity of production logistics. It is 

obvious that bigger and bigger customer requirements cannot be satisfied at acceptable costs, without new 

solutions in that field. Since the 70s a lot of integral concepts and systems have been created for supporting 

mailto:radim.lenort@vsb.cz
mailto:leo.tvrdon@vsb.cz
mailto:jfeliks@zarz.agh.pl
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the production logistics, mainly on operational level of the logistics management. These are mostly called 

Production Planning and Control (PPC) systems. There are three approaches which can be considered as 

groundbreaking. They can be called “MRP way”, “OPT way” and “JIT way”. 

MRP systems represent the “MRP way”. Their original purpose was developing the material requirements 

plan respecting master production plan and minimizing emergence of inventories. Development of these 

systems was carried out in form of extending their functionality to present-day Enterprise Resource Planning 

(ERP) systems. The “OPT way” started with OPT system, software product for production planning and 

control taking into account capacity bottlenecks. OPT ideas lead to development of DBR scheduling system 

and Theory of Constraints (TOC) concept. The “JIT way” started at Toyota Production System (TPS). The 

basic purpose was maximal shortening of production lead times and in elimination of all losses in production 

process. TPS ideas lead to development of integral concepts and systems, currently known as kanban, Just-

in-Time (JIT) and Lean manufacturing. 

3. PRODUCTION LOGISTICS IN CENTRAL AND EASTERN EUROPE METALLURGICAL 

COMPANIES 

Transformation of Central and Eastern European countries to the market economy was that turning point. In 

planned economy customers felt permanent lack of products. The advantage was on the manufacturer’s side 

(no competition among producers was allowed). They used it for easy accomplishment of the required 

economic results, particularly for reducing the costs. Manufacturers could produce relatively limited 

assortment of standard quality in big production batches. 

The conditions for manufacturers changed radically after the transformation of Central and Eastern 

European countries to market economy: 

 Necessity of multiplex extent increase of production assortment 

 Pressure to reduce delivery times 

 Diminished delivery quantities 

 Emphasis on higher quality and products with higher added value etc. 

In metallurgical industry, production assortment rose from thousands of items to tens of thousands of 

combinations of grades, shapes, sizes, heat treatments and surface finishes. From the previous delivery 

terms of one up to three months the terms of several week or even days became necessity. Order quantities 

to the extent of several tons are interesting for metallurgical producers nowadays, while in planned economy, 

there were delivery quantities in hundreds of tons. [7] 

Of course, this situation causes frequent adjustments of the manufacturing facilities, a drop in utilization rate 

of the manufacturing equipment, a growth of inventories of semi and final products and, as a final 

consequence, production economics is getting worse. 

Facing these changes, metallurgical companies of Central and Eastern Europe have started solving the 

problems connected with production logistics. The first, partial solutions were followed by more and more 

complex ones. Finally integral logistics concepts and systems have been implemented. 

4. THE POTENTIAL FOR USE OF PRODUCTION LOGISTICS CONCEPTS AND SYSTEMS IN A 

METALLURGICAL COMPANY 

The production logistics concepts and systems are built on principles and needs of engineering production, 

which can be characterized mainly by [8]: 

 Relatively complex products with outright description - drawing number and construction and 

technological documents for each product 

 Generally, minimum preparation time and costs in relation to production time 
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 Assembly production character 

 Frequent use of buffer warehouses 

Many specific features which can be summarized in the following points are, however, typical for 

metallurgical production: 

 Character of production and its assortment structure - metallurgical products do not consist of 

components, they are made of refined material of certain shape, size, structure, physical, chemical 

and other qualities which make their utility value. Despite the illusory simplicity of metallurgical 

products, their quantity is considerably high. Combinations of grades, shapes, sizes, heat treatments 

and surface treatments make up as many as tens of thousands of items of rolled products. 

 Production batch economy - increasing demand of customers for decrease in order volume and the 

growth of assortment range in metallurgical plants have their economic limits. If frequent setups 

necessary for small orders of wide assortment range are accepted it can make production 

uneconomic. The orders can be put together (sequence of continuous casting machines, campaign on 

rolling mills) only in case of commonly manufactured assortment. This fact draws even more attention 

when you realize that, very often, the equipment had originally been designed for mass production of 

simple assortment. 

 Low degree of freedom among the individual processes, parts of the logistics chain - processing liquid 

metal does not allow any storage which would offset the eventual fluctuation in supply, production or 

consumption. However, storage possibilities are very limited even if the metal is in solid phase. The 

economic viewpoints are the main reason here. Cooling molten semi-finished product and its ensuing 

heating results in very high costs of thermal energy consumption. The eventual storage also leads to 

high inventory holding costs. 

 Various characteristics of follow-up processes - there are processes with different technological 

character, various cycle times and quantity processed in one cycle in a single chain. 

 Great number of production links - variability of production methods is typical for integrated 

metallurgical companies. There are often more technological methods of steel production, more steel 

customers (continuous casting machines, forging shops, and foundries), various secondary 

metallurgical operations, and various treatment operations. 

 High capital demands - especially high demand for energy and material (around 2.5 tons of various 

materials are used for 1 ton of pig iron) and, of course, investment costs and production equipment 

depreciations. 

 Trouble-free supply and removal of material in case of continuous processes, large material flows, and 

necessity of holding large volume of raw materials in ore storage yard are just a few others. 

The defined specific features of metallurgical production significantly limit the possibility of direct application 

of production logistics concepts and systems. 

For the meantime, the most frequent applied solutions are from category MRP / ERP systems. However, 

these systems do not correspond to recent trends of production and market fully. There was identified 

complex of requirements which are necessary for effective production logistics and which the MRP / ERP 

systems don’t offer [10]: 

 Possibility of planning, delivery times verification, identification of the closest possible time, proposal of 

an alternative time or a quantity to be delivered in required time 

 System flexibility, a possibility of considering different alternatives 

 Possibility of planning and evaluation of impacts connected with including in of priorities 

 Possibility to control orders flow and their selection in the case of capacity excess 
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 Permanent control of inquiries, orders, and contracts processing and information about problems in 

the processes 

 Shortening of the information transmission time for faster reaction to requirements, simplicity, clarity, 

maximum possible automation in data processing, integrated database 

 Ability of economic evaluation of inquiries, offers, orders, and contracts 

 Possibility of forecasting 

These above specified problems lead logically to intensive search for new systems and conceptions which 

could be used in metallurgical production logistics. The scope of these solutions is not limited to production 

planning and control, but has grown rapidly to include the full spectrum of enterprise and inter-enterprise 

planning and execution functions. Advanced Planning and Scheduling (APS) systems seem to be a leading 

approach in that field. 

5. APS SYSTEMS - PROMISING TOOL FOR OPERATIONAL PRODUCTION LOGISTICS IN 

METALLURGICAL COMPANIES 

APS system can be defined and explained through different perspectives but commonly APS system is 

viewed as an extension of ERP system. On the other hand, standard APS modules stem from the many in-

house developed DSS that aid planners at various levels in the decision hierarchy [11]. Unlike traditional 

ERP systems, APS systems try to find feasible, near optimal plans across the supply chain as a whole, while 

potential bottlenecks are considered explicitly [12]. Three main characters of APS system are integral 

planning, true optimization and hierarchical planning system [11]. 

APICS Dictionary defines APS system as follows: “Techniques that deal with analysis and planning of 

logistics and manufacturing over the short, intermediate, and long-term time periods. APS describes any 

computer program that uses advanced mathematical algorithms of logic to perform optimization or simulation 

on finite capacity scheduling, sourcing, capital planning, resource planning, forecasting, demand 

management, and others. These techniques simultaneously consider a range of constraints and business 

rules to provide real-time planning and scheduling, decision support, available-to- promise, and capable-to 

promise capabilities. APS often generates and evaluates multiple scenarios. Management then selects one 

scenario to use as the “official plan”. The five main components of APS systems are demand planning, 

production planning, production scheduling, distribution planning, and transportation planning” [13]. Stadtler 

and Kilger categorize different APS modules depending on the length of the planning horizon on the one 

hand, and the supply chain process that the module supports on the other [12]: 

 Strategic network planning - covers all long-term planning processes with extra weight given to plant 

location and design of the physical distribution structure 

 Demand planning - covers the strategic- and mid-term sales planning 

 Demand fulfilment and ATP - is used in the short-term sales planning, e.g. when making delivery 

promises 

 Master planning - can be seen as the hub of the planning modules; here the company’s capacities are 

taken into consideration in the mid-term planning level 

 Production planning and scheduling - covers processes such as lot sizing, machine scheduling and 

shop floor control 

 Transport planning and distribution planning - is often covered by two different modules, which 

together covers the mid- and short-term distribution processes 

 Purchasing and material requirements planning - is connected to the mid- and short-term procurement 

processes 
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Fig. 1 shows the most common standard APS system modules according to these two dimensions. The 

main objective of the production planning and scheduling module is to support the planner in creating a 

feasible production plan. Depending on the complexity and the requirements of the business, a feasible plan 

may be a list of orders per shift or an exact sequence of the operations for each resource [14]. APS systems 

are usually designed to cover all classes of scheduling problems and are able to consider many real-world 

constraints like resource capacity, minimal and maximal constraints between operations, secondary 

resources and multi-operation resources, shelf life, storage resources, etc. Common options and scheduling 

algorithms of an APS system to support the creation of a feasible production schedule are [14]: 

 Interactive manual planning allows the planner to change the schedule of operations and orders, for 

example via drag & drop in a Gantt chart - the advantage here is that the impact of a planning step is 

immediately visible 

 Scheduling rules in APS systems enable the use of different kinds of criteria for scheduling operations 

 Generic heuristic algorithms for scheduling, which calculate good schedules in an acceptable runtime 

 
Fig. 1 APS system planning structure and modules (modified according to [12] and [15]) 

6. CONCLUSION 

APS systems have been already implemented in metallurgical companies. The biggest problem is the 

applications are used only for a limited part of the metallurgical logistics chain - for example only for 

steelworks or rolling mill plant. Unfortunately, an optimal production plan and schedule in these two plants is 

very different. Steelworks works with sequence of continuous casting machines (putting together work orders 

with the same steel grades) and rolling mills with rolling campaigns (where shapes and sizes of final products 

are crucial). These applications don’t respect basic logistics principle - system approach - and don’t allow 

exploiting the whole potential of APS approach. There is the first, in European scale unique, complex 

application of APS system in the Czech metallurgical enterprise TŘINECKÉ ŽELEZÁRNY, a.s., which uses 

the approach for planning and scheduling the whole metallurgical cycle [16]. Other (but partial) solutions are 
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researched e.g. in [17, 18]. However, it is only the first step to integral applications, which allows to plan and 

schedule production of all members in metallurgical supply chain. 
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Abstract  

The vulnerability analysing in industrial supply chain system is presented as a means to reduce the risk, to 

become better prepared to manage the system‘s vulnerabilities and to improve the system’s resilience. The 

analysis establishes the relationship between relevant threats and risks, and the potential scenarios and 

consequences that determine the vulnerability of the industrial supply chain. This paper covers the 

comparative analysis based on literature review and deals with the structure of vulnerability original key 

factors that are going to have the huge impact on the vulnerability of industrial supply chain in the future. 

These factors should be used as a basis for developing the vulnerability scenarios.   

Keywords: supply chain resilience, risks, vulnerability of supply chain, threats 

1. INTRODUCTION 

One of the few certainties in today's world that we have is the knowledge that there is nothing absolutely 

perfect. And perhaps because one of the basic principles of modern management and the principle of 

continuous improvement. It is an important part of achieving and maintaining competitiveness and should be 

a permanent objective of every organization. Its essence is the argument that, without exception, all 

organizations will always have plenty of opportunities for further improvement. This principle obviously 

applies to all links in the supply chain. 

Supply chain vulnerability is a relatively new and unexplored area of management research, though one that 

is in the ascendancy. Research of the vulnerability construct in supply chains is limited. A few efforts have 

been done in the field. For example, Svensson [1] develops a conceptual framework and a model for the 

analysis of vulnerability in supply chains. The model consists of three principal components, namely: source 

of disturbance, category of disturbance, and type of logistics flow. The conceptual framework is limited to the 

inbound logistic flow of vehicle manufacturers and consists of two dimensions, namely: category of 

disturbance and source of disturbance. Furthermore, Svensson [2] introduces a different conceptual 

framework for the vulnerability construct that consists of two components: disturbance and the negative 

consequence of disturbance. From the point of view of a focal company, it is proposed that the vulnerability 

in the inbound logistics flows from sub-contractors, and the vulnerability in the outbound logistics flows to 

customers, may be measured and evaluated by four principal dimensions, namely service level, deviation, 

consequence and trend. In addition, Svensson [3] develops another conceptual framework for the 

vulnerability construct based upon time-dependence and relational-dependence. Time dependence refers to 

sequential dependence between business activities in supply chains, while relational dependence refers the 

interaction process between business activities in supply chaos [4]. 

2. DEFINITIONS 

It is very important to understand the basic terms, that’s why general understanding of supply chains is 

explained first and followed by definition of the term of vulnerability in supply chain. Apart from the general 

definition, the article also includes methods and tools how to determine the vulnerability in supply chain and 

relevant factors contributing to vulnerability. 
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2.1 Definition of Supply Chain 

The concept of a “supply chain” has recently been defined by many authors, which led to several different 

viewpoints. One the crucial ones defines a supply chain as a group of activities which fall within a few 

different companies. The closest definition to the above presented understanding of resilient supply chain 

was presented by the European Committee for Standardization [5] “supply chain is a sequence of processes 

to add value to the product during its flow and processing of raw materials, through all the intermediate 

forms, to form in line with end customer requirements" [6]. 

Other respected definitions include, for example, a definition by Ganeshan and Harrison [7], who defines 

supply chain as “a network of facilities and distribution options that performs the functions of procurement of 

materials, transformation of these materials into intermediate and finished products, and the distribution of 

finished products to customers”. A much respected and well known definition is the one by Christopher [8] 

„the network of organizations that are involved, through upstream and downstream linkages, in the different 

processes and activities that produce value in the form of products and services in the hands of the ultimate 

consumer“. Similar definition is presented by Bagchi [9] saying that „a supply chain consists of a network of 

companies and carriers supplying raw materials and components and, later, they transform them into semi-

finished products and final products designed to be consumed by the ultimate consumers“. The simplest and 

shortest definition is by Lambert, Stock and Ellram [10] „a supply chain is the alignment of firms that bring 

products or services to market“. There are many more definitions of a supply chain; however, despite a great 

number of various interpretations, they are all quite uniform in terms of their content. 

The characteristics of each supply chain include: modified on the basis of [11]: 

 Supply chain is a complete process in order to provide products and services to ultimate consumers. 

 Supply chain includes all logistic operations, from sourcing to distribution. 

 The scope of activities includes production and distribution. 

 Supply chain management extends beyond the boundaries of individual organizations to plan and 

control processes in other organizations. 

 Supply chain allows the realization of individual goals of the organization. 

 Supply chain elements include suppliers, production equipment, warehouses, carriers, consumers and 

customers. 

 The flows among these elements can be divided into information, material and financial. 

2.2 Definition of Vulnerability 

Vulnerability is a condition that affects a firm's goal accomplishment dependent upon the occurrence of 

negative consequences of disturbance. The degree of vulnerability for a given disturbance may be 

interpreted as being proportional to the chance of disturbance and the expected negative consequence of 

the disturbance, given that it has occurred. The construct of vulnerability refers to the focal firm's inbound 

and outbound logistics flows. In general, it may be understood that firms succeed in diminishing the 

vulnerability in their inbound and outbound logistics flows when preventive activities are introduced [2].  

Vulnerability in supply chains is of immediate importance due to the fact that logistics flows in many 

industries strive to be lean, responsive and agile. Svensson [1] states that vulnerability is an underestimated 

and unexplored construct in logistics research and concludes that a further refinement is required.  

3. METHODS, TOOLS AND CONCEPTS TO MANAGE THE VULNERABILITY  

In literature, there are many methods, tools and concepts described on how to reduce and manage 

vulnerability in order to prevent disturbances from appearing in manufacturing or logistic flows. For example, 

Kaizen [12] is like an umbrella concept for many activities that strive to achieve continuous improvements 

and preventive actions. Subsequently, it is an approach that does not contain descriptions on how to prevent 
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or handle disturbances. Jidoka means making the equipment or operation stop whenever an abnormal or 

defective condition arises. The objectives are to prevent making too many defective products and that the 

control of abnormality becomes easier. Andon is a visible control system. It is an electric light board, which is 

hung high in a factory so that everyone can see it. For example, when an employee calls for help and delays 

a job, he turns on the yellow light on the board. If the employee stops the line to adjust a machine, then the 

red light is activated [2]. 

It is significant to determine the real and relevant factors of vulnerability on the basis of vulnerability analysis 

before all factors are managed and reduced. For that purpose the below mentioned methods and tools can 

be used [2,13] as core tools:  

 Ishikawa diagram - „fishbone“ tool can help to find potential vulnerability factors integrated in different 

factor Gross. 

 5 WHY Method - asking, five times "WHY" researcher identifies the rootcause. 5WHY technique of 

asking questions is appropriate to use the quick solution to a particular problem, where the results of 

analyzes based on data collection from the past are not, whether any reason not available. It is 

advantageous to use the technique of asking questions "WHY" because it is easily able to remove 

layers of symptoms that can lead directly to the root cause of vulnerability. 

 Problems Solving Concept - method based on principle of application of structured way to resolve 

the problem. 

 Pareto diagram - method that can separate the most probable factors of vulnerability from the 

irrelevant.  

There are also the other techniques that can be used to recover the vulnerability factors [14]: 

 Supplier Quality Audits and Supplier Quality Review 

 Supplier’s Risk Management 

 Analysis of past performance 

 Lessons Learned feedback 

 Temporary Inventory and Inventory 

 Process capabilities 

 Critical Path Analysis 

 Supplier Development Programme 

 Supply Chain Mapping - relationship and influence 

 Supplier capability Assessment 

 Lean Manufacturing Techniques etc. 

4. VULNERABILITY FACTORS - VULNERABILITY ANALYSIS 

Internal and external sources (factors) of disruption of the examined supply chain can be identified on the 

basis of previous analyses. The task of vulnerability analysis is to identify the key factors that have and will 

have the biggest impact on the vulnerability of supply chain in the future. Asbjornslett suggests that individual 

factors should be identified using by Ishikawa diagram [15]. Fig. 1 shows the main groups of internal and 

external factors. 
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Fig. 1 Ishikawa diagram of internal and external factors contributing to vulnerability (modified according to 

[15]) 

The most important factors influencing vulnerability of supply chains include [16,17]: 

 Globalization  

 Outsourcing  

 Lean processes  

 Centralization  

 IT-dependence  

 Complex product and service  

 Deficit of information  

 Specialized factories  

 Volatility of demand  

 Technological innovations  

The main criterion used for the identification of key factors increasing the vulnerability is supply chain 

performance. It is necessary to examine the scale of performance decreased caused by disruption and the 

recovery time of the supply chain (see Fig. 2). In the longterm, it is suitable to monitor the stability of 

performance. 

    

Fig. 2 The disruption profile [18] 

The basic approaches to diagnosis of supply chain performance, depending on the occurrence of various 

disruptions, include an expert estimate, analytical calculations using model situations, and computer 

simulations. The final selection of the key factors can be performed using Pareto analysis (20/80 principle) 

[19]. 

Pettit, Fiksel and Croxton defines the final seven vulnerability factors (see Table 1). However, in order to 

translate the vulnerability factors into measurable attributes, each factor was refined during the research 
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resulting in 40 specific vulnerability sub-factors. Table includes the entire vulnerability taxonomy with sub-

factors matched with a select sample from literature [20]. 

Table 1 Vulnerability factors (modified according to [20]) 

Vulnerability 

Factor 

Definition  Sub-Factors 

Turbulence Environment characterized by 

frequent changes in external 

factors beyond your control 

Natural disasters, Geopolitical disruptions, 

Unpredictability of demand, Fluctuations in 

currencies and prices, Technology failures, 

Pandemic  

Deliberate threats Intentional attacks aimed at 

disrupting operations or causing 

human or financial harm 

Theft, Terrorism/sabotage, Labor disputes, 

Espionage, Special interest groups, Product liability 

External pressures Influences, not specifically 

targeting the firm, that create 

business constraints or barriers 

Competitive innovation, Social/Cultural change, 

Political/Regulatory change, Price pressures, 

Corporate responsibility, Environmental change 

Resource limits Constraints on output based on 

availability of the factors of 

production 

Supplier, Production and Distribution capacity, Raw 

material and Utilities availability, Human resources 

Sensitivity Importance of carefully 

controlled conditions for product 

and process integrity 

Complexity, Product purity, Restricted materials, 

Fragility, Reliability of equipment, Safety hazards, 

Visibility to stakeholders, Symbolic profile of brand, 

Concentration of capacity 

Connectivity Degree of interdependence and 

reliance on outside entities 

Scale of network, Reliance upon information, 

Degree of outsourcing, Import and Export 

channels, Reliance upon specialty sources 

Supplier/customer 

disruption 

Susceptibility of suppliers and 

customers to external forces or 

disruptions 

Supplier reliability, Customer disruptions 

5. METHODOLOGY HOW TO RECOGNIZE THE VULNERABILITY FACTORS  

Vulnerability factors can be determined by using methods and tools described in chapter number 3 of this 

paper. We need to know which vulnerability factors are so significant before these are going to be managed 

in correct way. That is why focus on the severity setting is mandatory. Author of this paper based on his 

experience from automotive industry suggests the following steps which can help us to manage the 

vulnerability factors for the purpose of factors elimination: 

1. Project team setting - to build the group of people (number of members depends of organization 

needs) in order to further address a vulnerability factors. Members should be appropriately 

knowledgeable and their skills should be different in the future definition of the roles of individual 

members of the team. The "leader" of the team should be determined in the group, the leader will be 

responsible for leading, coordinating and also for the results. 

2. Vulnerability factors identification - vulnerability factor can be defined as the potential failure mode 

in which the supply chain could potentially fail to meet the intended function. The potential failure 

mode may also be the cause of potential failure mode in a higher level of supply chain or lead to the 

effect of one in a lower level of supply chain. The project team specifically defines the vulnerability 
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factors with support of relevant methods and tools (e.g. Ishikawa diagram or 5 WHY method etc.). The 

root cause of factors in this phase are still unknown. 

3. Potential effect(s) of vulnerability factors - potential effects of vulnerability factors can be defined 

as the effects of the failure mode on the function, as perceived by the customer(s). It is significant to 

describe the effects of all vulnerability factors in terms of what the customer might notice or 

experience, remembering that the customer may be an internal customer as well as the final customer 

(end user) in supply chain. The project team identifies the effects for all vulnerability factors specified 

from previous step (“vulnerability factors identification”) in very simply way to use brainstorming 

moderated by team leader and all potential effects can be written in the table. 

4. Severity of vulnerability factors setting - severity should be the value associated with the most 

serious effect for a given vulnerability factor. The team should agree on evaluation criteria and a 

ranking system and apply them consistently, even if modified for individual process analysis - see 

Table 2 below for criteria guidelines proposed by author of this paper: 

Table 2 Proposed severity evaluation criteria for vulnerability factors (based on [21]) 

Effect Severity of effect on the supply chain Rank 

Failure to meet safety and/or 
regulatory requirements 

The supply chain will be disrupted due to critical issues 
between supplier and customer 

5 

Loss or degradation of primary 
function of supply chain 

There is possibility to disrupt the supply chain due to 
significant issue(s) between supplier and customer 

4 

Loss or degradation of 
secondary function of supply 

chain 

There is no disruption of supply chain, there are significant 
claims from customer side 

3 

Annoyance 
There is no disruption of supply chain, there are no significant 
claims from customer side (just issue(s) to be improved in 
supply chain) 

2 

No effect No discernible effect 1 

The vulnerability factors with the severity ranking 4 and 5 should be resolved with high priority. 

5. Root cause analyse of vulnerability factors - in this step, the project team will identify all potential 

root causes that may be associated with all vulnerability factors. Here you will find the application of 

brainstorming moderated by team leader. It is suitable to use the application the cause and effect 

diagram to find all possible root causes, and it is useful to combine this tool with method 5WHY. 

Asking, "WHY" researcher identifies the root cause. All identified potential root causes it is necessary 

to re-evaluate in the team. Using Pareto analysis, project team determined the most probable root 

causes, which separates it from the irrelevant. It is necessary to summarize all of the most probable 

root causes, which were identified and make their review and verify whether they are related to the 

vulnerability factors. Finally, it is needed to approve root causes by consensus recognition in the 

project team. 

6. Proposal and the action(s) realization - creativity of the project team members based on proficiency 

and experience from past in this step is desirable that appropriate actions can be proposed. Here it is 

appropriate to use brainstorming to systematically generate appropriate ideas for concrete actions. 

Affinity diagram helps to project team organize more concrete ideas for actions. Final step should 

result in the practical implementation of proven optimal variant of action. Before the practical 

implementation of the action is useful to build a flowchart and thus demonstrate graphically succession 
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and continuity of all partial steps in the implementation of the optimal variant of action. If the selected 

number of actions to be implemented, it is necessary to ensure that to be realized progressively easier 

to return to evaluate their effectiveness in the end. In terms of action realization, it is important to apply 

a systematic approach to ensure the same conditions before and after implementation for the purpose 

of vulnerability factors elimination. 

7. CONCLUSION 

Many supply chains are particularly vulnerable because management is not fully aware of the threats that the 

system is exposed to and the vulnerable situation these threats impose on the supply chain. This paper 

based on literature review presents structure of vulnerability original key factors that are going to have the 

huge impact on the vulnerability of industrial supply chain. The methods, tools and concepts described on 

how to determine, manage and reduce vulnerability in order to prevent disturbances from appearing in 

manufacturing or logistic flows.  

However, there is a common feature or denominator between the described concepts and methods. None of 

them provide any real conceptual theoretical framework that could be operationalised in an overall or 

generalised environment of vulnerability in a supply chain context. Instead, the described methods and 

concepts concentrate mostly on how to do it practically in order to prevent or handle disturbances. A 

disturbance is defined as a deviation that causes negative consequences for the firm involved in the supply 

chain.  

Author of this paper believes that the vulnerability and resilience management may become a practical part 

of supply chain management, establishing a process of understanding, analysing and handling risks and 

vulnerabilities in supply chains. Author also hopes that proposed methodology how to identify the 

vulnerability factors, how to find their potential effects, how to evaluate the severity of all factors with final 

resolution finding for the most significant factors will be helpful on the way to manage the vulnerability in 

supply chain. 
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Abstract 

In this paper is presented method of nondestructive diagnostics, which uses to determination of actual 

devices state spectral density analysis. To evaluate of the method is used clustering analysis and as results 

are areas with higher response intensity to input impulse in given frequency range. This information will then 

be served as support for control of metallurgical process.  

Keywords: simulation, Fourier transform, signal spectral density, continuous casting, FFT, power spectrum 

1. INTRODUCTION 

The potential nondestructive diagnostics of solid objects is discussed in this article. The complex modelling a 

simulating tools exploration in tasks of modelling and simulating of technological devices is growing in the 

present time. The important property of this systems is their comprehensive conception, possibility to 

connect it to the existing automation and measurement systems, sufficient wide pallet of tools enabling 

analyse, synthesis and next export of models to the common programmable languages a thereby theirs 

usage in current technical praxis. This paper is focused on one area of technical diagnostics, which task is 

assessment of technical lifetime of crystallizer on continuous steel casting devices. This task is solved in 

program environment of MATLAB program using fast measuring card MF624. The whole process is 

accomplished by consecutive steps involving software analysis of the vibration power spectrum (eventually 

acoustic emissions) created during the normal operation of the diagnosed device or under unexpected 

situations. Another option is to create an artificial pulse, which can help us to determine the actual state of 

the diagnosed device. The main idea of this method is based on the analysis of the current power spectrum 

density of the received signal and its post processing in the Matlab environment with a following sample 

comparison. The last step, which is comparison of samples, is the most important, because it is possible to 

determine the status of the examined object at a given time. Nowadays samples are compared only visually, 

but this method can’t produce good results. Further the presented filter can choose relevant data from a 

huge group of data, which originate from applying FFT (Fast Fourier Transform). On the other hand, using 

this approach they can be subjected to analysis with the assistance of a neural network. If correct and high-

quality starting data are provided to the initial network, we are able to analyse other samples and state in 

which condition a certain object is. This kind of detection can provide significant financial savings in certain 

cases. 

2. TECHNICAL DIAGNOSTICS OF THE PROCESS 

By continuous casting steel, the steel casts from a ladle trough a tundish to the water cooled crystallizer 

instrumental as mould. In the crystallizer the surface layer of steel solidifies. At the output of crystallizer the 

temperature of the blank surface reached to 1200 °C and the core of blank is still liquid. The mould is 

necessary furthermore to cool in the section of secondary cooling, where using nozzles the water is fed to 

the mould surface and by this way it is cooled. The mould moving is established by the traction rolls. At the 

end of secondary cooling the mould has to be solidified all over cross-section and after this it is cutting to 

required length pieces. 

mailto:robert.frischer@vsb.cz
mailto:milos.pollak.st@vsb.cz
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Crystallizer is during his life time gradually worn away. This degradation is not linear and is finding out during 

dead plate by measuring. In now days, when there is a push to increase technological usability of equipment, 

is logical push to minimize or remove this dead plates. We are trying to develop of such methods, which 

would be sufficient exact and would be able to determine real abrasion of crystallizer. Presented diagnostic 

tool are focused on searching for those frequencies, which can be responsible for crystallizer's surface 

damage. It not mean, that the frequencies cause the damage, but the damaged surface generate these 

frequencies as a secondary symptom. We are trying to present this correlation by the form of picture with 

help of fast Fourier transform (FFT) and power spectrum density (PSD). 

3. RELATED WORKS 

This article is devoted to the technical diagnostics of a device using analysis and evaluation of its vibration 

spectrum or acoustic emissions. The vibration spectrum and acoustic emissions have various origins (Fig. 

1). When analysing a vibration spectrum, the response of a system (of an object) to an artificially created 

impulse is recorded. On the other hand, acoustic emissions mainly originate spontaneously, for example, by 

creating a crack on a pipe’s surface during mechanical stressing (in plastic deformation position), etc.  

On the basis of the problem definition provided by an external company, the task was to find out whether it is 

possible to detect the internal conditions of an object using vibration spectrum analysis. The object consisted 

of a metallic skeleton connected by screws placed on the edges. When a screw is loosened, the diagnostic 

system should define precisely the position or side where the screw (or simply the defect) is located. Many 

articles have been published considering this topic, [1] [2] [3], but most of them address specific problems 

and this translated into very specialized solutions. 

 

Fig. 1 Two approaches, how to detect the surface abrasion or damage 

The main advantage of our solution is the possibility of preventing the formation of limiting states and also 

the prevention of dangerous situations and device damage. Whilst the authors of the aforementioned article 

are trying to preclude greater damages after the formation of a crack, our option tries to prevent the condition 

from happening. 

The principle of this method comes from measuring a 

system’s (examined object’s) response to a Dirac impulse. 

The first experimental results were presented in [4]. An ideal 

Dirac impulse is replaced by a real impulse which is 

generated by a firing pin that is excited by a magnetic field 

(Fig. 2). 

 

Fig. 2 Pseudo Dirac impulse realized by a firing pin which is controlled by a Siemens PLC. T is the pulse 

period and n is a number of pulses 
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This impulse is far from the ideal shape, but for these purposes it is sufficient. Individual pulses are operated 

by a Siemens PLC which generates a series of impulses with a period of 2 s (Fig. 2). Unwanted offset and 

relatively uneven progress of individual strokes are among the basic disadvantages (only when comparing 

amplitude envelope). 

An impulse is a source of vibrations (or also specific acoustic emissions [5]) with a wide range of 

frequencies. All of the components of the whole spectrum would be represented in an ideal pulse 

(theoretically a white noise generator). The components up to several kHz are represented in our case. 

Moreover, there is uneven representation of individual components. An analyzed object behaves as a 

selective band-pass filter after the activation of pulse or after the formation of an acoustic emission. The 

recorded amplitude‘s envelope is modified and the FFT is applied.  

The final power spectrum density (PSD) is then subjected to examination and modification. Some vibrations 

(at certain frequencies) pass without significant changes, some are heavily suppressed. In order to work 

more synoptically with the received data, it is necessary to modify the PSD. After the application of the 

suggested filter, the irrelevant data are removed from the PSD and the result is saved in a matrix form. The 

suggested filter scans each pulse record (it's PSD) and searches for specific values of the individual 

spectrum’s components. Positions of points (their corresponding frequencies) are very important for the next 

analysis of the PSD. 

A schematic of the measurement series is depicted in Fig. 3. Vibrations are scanned with the assistance of a 

type 4332 accelerometer from Bruel & Kjaer. This sensor is unique for its high frequency range, which 

exceeds 25 kHz. Indeed, there are cheaper types of accelerometers from various companies on today’s 

market, but most of them are only suitable for scanning 

frequencies up to 600 Hz (mobile applications) which 

is not convenient for the declared purposes [6]. 

Fig. 3 Schematic of the measurement network 

4. ACOUSTIC EMISSION PROCESSING ALGORITHM 

After the signal amplification (the sensor only produces tens of mV) the signal is digitalized with the help of a 

NI PCI 624 multi I/O card from National Instrument. This card has 16 analog inputs which run at 250 kHz. 

Only one channel that works with a sample frequency of 100 kHz was used for the given purpose. With 

regard to the estimated and scanned frequencies on the order of tens of kHz (maximum around 20 kHz) five 

time oversampling is sufficient. A driver algorithm was created in the Matlab —Simulink environment and 

adjusted in such a way that the trapped data are saved for a period of 600 s. The subsequent processing of 

results was already running offline. 

The algorithm is evaluated in Matlab. Firstly, it is necessary to extract relevant data, records of pulses and 

save them separately into a matrix. A routine serves for this purpose. It looks for initiation of pulses and then 

saves identically long blocks of data into the beforehand set positions in the matrix: 

 
(1)  

where: 

DATA Is a matrix with the record of pulses 

i Index of variable start, sequential number 

j Sequential number of sample in the record 

σ Is a constant derived from medium level of noise in signal and states that: σ > 2 
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After extraction of individual records, a Fast Fourier Transformation is applied and its results are saved into 

the next matrix. Each individual line of the matrix corresponds to values of one pulse (its PSD). The 

calculation consists of the division of the signal into M segments which may partly overlap. From each 

segment the middle value of the square of the normalized and amplitude spectrum is calculated. The results 

for each segment are averaged and deflections made by the used window are removed.  

From the already made signal spectral densities, it was necessary to extract the relevant data and to 

separate the useful signal from noise or residues formed by surrounding noise or insufficient shielding of an 

object from surrounding vibrations. This part is quite difficult, because it was not possible to find a suitable 

routine in Matlab or in the literature concerned with these problems. The question is how to find the position 

(frequency) of individual points. These points are greatly important for us and directly reflect the real 

condition of an object. The classic definition of local maximum failed due to the above mentioned problems. 

It states:  

 

where: 

(2)  

maximumloca

l 
Is a local maximum position  

f(x) Is a value of a function at point x 

Therefore, it was necessary to find a different method. Human perception of this problem meant great 

inspiration. When looking at the graph of the power spectrum density, the individual maxima are obvious. 

After some simplification it is possible to say that perception of individual extremes is due to their position 

with respect to other values. Even though, the amplitudes of two sharp local maxima which are next to each 

other are very high, it is possible to ignore them, although if the local maximum is isolated and it has 

significantly lower amplitude than the global maximum, it is perceived as sharp. Obtaining relevant points 

from the PSD is crucial. It is only their position which guarantees correct learning by the neural network or 

regressive detection and marking of the result. Nowadays, there is a “flag” assigned to each local maximum 

which states for how long it is valid. In the future, the algorithm will be extended by the option of working in 

narrow zones and choosing of local maximum more accurately than now. The value of flag is incremented in 

the case when: 

 
(3)  

Then the position of a local maximum must fulfil the following criterion:  

 
(4)  

where: 

nflag Actual value of variable n which indicates the operating period of a given maximum 

fPS(i) Is a value of a function (curve PS) in point i 

Individual results are saved again into a rectangular matrix. With regard to the fact that the filtered spectrum 

has a number of irrelevant local maxima (the noise component cannot be neglected), it is necessary to apply 

a final modification which means removal of all local maxima that do not fulfil the criterion: 

Furthermore, it is necessary to add that values of frequencies and amplitudes are only relative. By 

recalculating them it is possible to obtain real frequency and amplitude values. However, this is not 

necessary for this analysis and it would be more difficult to calculate. Therefore, the values on the axis do 

not have units (only their relative values are important).  
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These results have only static meaning. It was need to insert relation to process time. Created PSD and its 

peaks reflect one single state in time. Time axis is absolute mandatory, if we want to involve time behaviour 

of the current process. Representation of single PSD is relatively easy. The fast Fourier transform is applied 

on acquired signal and then it is need to convert image data from conjugate imaginary numbers to real 

numbers and its result is presented in Fig. 4. 

This figure is only for illustrated 

purposes. On the X axis is relative 

frequency and on Y axis is 

amplitude of single component. 

These PSD is relatively clean, 

without expressive noise with 

several local maxims in defined 

sectors. It is important to defined, 

what the useful signal is and what 

the noise is. Peak on 160Hz can 

be assumed as a local maximum 

without any doubt, but looking for 

local maximum in the range from 

100Hz to 120Hz is very tricky, 

because we are not able to tell, 

what the noise is and what the signal is. There has to be a rules on the start, according which can be 

determined how to process PSD data a how to evaluate it. The simple solution is to make a horizontal 

surface at specific level, and display only these data, which has the amplitude higher than this level. That 

surface has to be optional, consequently its level, and in a several attempts can be examine proper value as 

it is presented in Fig. 4. As result, it will be a bitmap picture, where on X axis is frequency and on Y axis is 

time. Basically we moved from the time domain to frequency domain thanks to FFT and now, we are moving 

back, because the time is important to evaluate created PSDs. One example, which were made on 

laboratory model and data from this attempt are presented in Fig. 5. 

 

Fig. 5 Different expression of PSD on the basis of amplitude threshold level 

When the amplitude threshold (horizontal surface) is decrease, the more picture point is displayed. In the 

Fig. 5 left upper picture has this surface at the lowest level. Number of display pixels is at its maximum. From 

this picture can be seen, that some frequencies are presented almost constantly through the process time 

and some frequencies draft lightly. Other points displayed in picture, which has random character are at the 

high probability the noise. As the surface level arises, these points disappear and the picture becomes 

 

Fig. 4 Power Spectrum Density of single data segment of exact length 
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clearer. If the threshold level is set to high, then even a data disappear, which carry valuable information 

(right down picture). 

5. CONCLUSIONS 

The purpose of this project was to verify whether it is possible to find out the condition of a diagnosed device 

(presence of inner defects, surface defects or critical conditions) on the basis of analysis of its vibration 

power spectrum (acoustic emissions). It is clear from the measurement results that in the frequency area 

there are some similarities. We 

 are planning another processing of results with the assistance of a neural network with vision of better 

results. The condition of an object may be found and whether some critical condition or breakdown has 

occurred. By future development of filters and modification of computational algorithms it will be possible to 

increase the success rate and identify with certainty the condition of an object without requiring a shut-down 

or by interfering in other ways into its inner structure. Therefore, this method will be useful in places where it 

is impossible or economically inefficient to shut-down the process due to preventive maintenance or 

replacement of device or its parts. For example, this is a continuous steel casting, cracks in pipes and fluid 

leaks. From the development is obvious, that static PSD generation is good for actual device's state, but it 

can't inflict dynamism of the process. Displaying many PSD as a function of time gives us good picture of the 

running process with all of the variables, which are involved - surface degradation, speed fluctuation and so 

on. 
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Abstract  

The key function of knowledge systems should do effective interpretation of data with a view to determine 

which hypothesis of surveyed best corresponds with real data. The solution of problem takes a form of 

progressive evaluation and revaluation of particular hypothesis. The objective of management production is 

to provide the increasing of its capacity, the improving of product´s quality, the decreasing of production 

costs and the service of equipment with maximum safety. The inaccurate information of real service of 

production facilities, the incorrect schedule of inspection and preventive maintenance in time, the unsuitable 

using of plans for maintenance, the bad evidence and the bad planning in supply of service part, the bad 

using of manpower, the bad counting of costs for maintenance are some of the typical problems that are in 

companies. In this paper is described maintenance evaluation which can defined optimum maintenance 

strategy, risk level and fault classification with usage of knowledge system. 

Keywords: maintenance, management, fuzzy, lifetime 

1. INTRODUCTION  

The process of economic situation puts pressure on company’s management to reduce the costs. The 

possibilities of optimization of total costs can be seen in maintenance of production facilities, when the 

appropriate implementation of TPM (Total Productive Maintenance) can increase the share of device 

operator in routine maintenance. The experts of maintenance in co-operation with product management 

should do the control of staffs, who manipulate with facilities (if the staffs are trained by adequate means, if 

the staffs use the facilities properly and appropriately); the quantities of faults caused by ignorance of 

maintenance can be eliminated. The proper regulation of maintenance can increase the applicability of plant 

- production time. The costs can be annulled by the revision of waste disposal´s costs and by the regulation 

of separation´s system or the costs can bring the profit. [1] 

The demands of market are developed in term of production; the new possibilities of service for maintenance 

are developed too. The analysis of one´s own activities, approach the market potential, can change the 

periods of repairing in connection with new trends of components using in production facilities.  

The implementation of maintenance system should appear of several important connecting steps [3]:  

 To define the problems in firm´s maintenance. 

 To define and to measure the condition of maintenance system in the measurable indices and 

characteristics. 

 To analyse the principal causes of insufficient function of existing maintenance system, to consider 

and to design the organizational structure of maintenance. 

 To design the system of maintenance planning, to design the way of planning all activities that lead to 

prevention in term of fault liability, to design the system that could improve the maintenance, ensure 

the efficiency in failure recovery and bring the reparation in maintenance activities with the result not to 

repeat the fault.  
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2. THE ISSUES OF FUNCTIONAL MAINTENANCE SYSTEM  

The issues for staff of maintenance and production - increasing of safety and hygiene at work, the clear rules 

of machine and facilities maintenance, the clear system of maintenance action planning (the system of 

planning maintenance - the plans of medium repair, common repair, preventive inspection, cleaning, pasting, 

control, revision, the management and controlling system).  

The issues for company - efficient stability machines and facilities, low costs of machine and facilities 

maintenance, optimal organization of maintenance, available sources for maintenance activities. 

The issues for customers - delivery of product or service "just in time" (JIT). 

The defined plan of effective maintenance includes the factors [4]:  

 Clear defined objective for prevention or reduction of the consequences of system failure (defined 

objective (e.g.) 95 % of maintenance availability with maintenance costs under 4 % of value of 

alternate production facility). 

 Definition of consequences of system. 

 To understand all parts, related to facilities and responsible for functional facilities, have to support 

and have to be responsible for fruition. 

 Formalized plan of fruition (e.g. defined strategy of maintenance, such as Reliability Centred 

Maintenance, Preventive Maintenance Optimization etc. with Standard Operating Procedures). 

 Indices for assessing of achievement in the direct of fruition (e.g. percentage of preventive 

maintenance, percentage of corrective maintenance, percentage of facilities availability, total efficiency 

of facilities etc.). 

 Understanding of all parts what right activities should be carried (e.g. specific tools for reliability as 

precise maintenance, Root Cause Analysis, 5S etc.). 

Maintenance strategies for different types of objects (possibly in different sectors and areas of human 

activity) are often distinguished from one another. The differences are mainly due to the concept of the place 

and role of preventive or predictive maintenance in ensuring reliability of objects. Each of these approaches 

can be used to characterize the maintenance system, which defines when and how the maintenance of the 

building done. 

Currently, in the field of the production equipment observed four major trends. Probably the strongest current 

trend in the care of the production facilities is directed explicitly to the concept of maintenance according to 

the actual state of the device and its modifications. This concept is in line with the second trend - the 

introduction of the original Japanese methods TPM (Total Productive Maintenance), which significantly 

moves the share of responsibility for the maintenance and repair of maintenance entity to entity 

manufacturing and emphasizes the proper involvement of each. The third trend is the increasing degree of 

earmarking their own maintenance and repair entities outside the company - the so-called outsourcing. And 

here, but in the case of the first two trends is increasingly an emphasis on promoting information technology 

along with the implementation of various control systems and identification technologies. This can be 

considered a strong trend for the fourth in the maintenance and repair of production equipment, which is 

given among other things, the advent of relatively inexpensive software systems for maintenance and repairs 

with high user comfort. [5], [6] 

The benefit for the introduction of computer technology into the data maintenance activities and thus 

increase the effectiveness of management based on adequate data and information. Modern maintenance 

management based on monitoring data means production facilities, planning and management of their 
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preventive maintenance, including a link to warehouse management and administration operations, 

purchasing spare parts with a link to information and economic system of the whole company. 

3. THE CLASSIFICATION OF FAILURES AND MAINTENANCE STRATEGY 

Decision support for the classification of the object was within ARPO as an additional module create an open 

rule-knowledge system (Fig. 1) allowing you to make the categorization of disorders resulting from the 

building, evaluate the risks incurred and propose maintenance strategy object [2]. 

 

 

Fig. 1 Screen of knowledge system for classification of failures, risks and design a maintenance strategy 
 

Input values into the system are the answers to the following questions: 

 What is the frequency of occurrence of the fault to the 1000 event? 

 What are the financial consequences of the trouble? 

 What is the percentage rate of production influence the performance of the device? 

 What is the level of production losses? 

 What is the percentage rate impact on the quality of the final product? 

 What is the percentage failure rate effect on traffic safety? 

 What is the percentage rate of environmental threats trouble? 

 What is the time availability of spare parts? 

 What is the cost of spare parts? 

 What is the average time technical downtime of failure? 

 It is for early fault detection applied technical diagnostics? 
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 Can the defect be classified as progressive? 

 In the event it is possible to repair components exchange? 

 Is there dependence within the building maintenance (renewal grouping)? 

After answering questions answers are transformed on linguistic value, which enter the inference mechanism 

of knowledge system. The following Figs.  are examples of fuzzy sets of input variables with approximate 

angled sections. The number and shape of each fuzzy set is always dependent on a specific object (Fig. 2 - 

9). 

  

Fig. 2 Example of fuzzy sets for the 
frequency of events 

Fig. 3 Example of fuzzy sets for the 
financial consequences of failure 

  

Fig. 4 Example of fuzzy sets of 
production losses 

Fig. 5 Example of fuzzy sets of 
production losses 

 
 

Fig. 6 Example of fuzzy sets of the 
contributions safety 

Fig. 7 Example of fuzzy sets of the 
threat environment 

  

Fig. 8 Example of fuzzy sets time 

availability of spare parts 

Fig. 9 Example of fuzzy prices of spare 

parts 

4. CONCLUSION 

Current system of metallurgical devices maintenance in many metallurgical companies is based on making 

regular preventive maintenance completed with the data from prophylactic visits. These are exercised in 

regular time intervals, which length is determined according to treatment level of the whole production 

process by given device of its part. Designed knowledge system represents a modern approach to 

modification of current way of maintenance strategy determination, when into the solution enter several 

factors, which in complex evaluate the influence and significance of the device for given process and is 

designed a proper maintenance strategy for given device. 
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Abstract 

Paradigm of risk management was explored in Europe during 1970s, by making a combined approach to risk 

financing and risk control. This established a new pinpoint on the concept of total risk cost. Organizations 

found out that many risks they face are insurable. In result, businesses were forced to find tools and 

techniques helping them in the process of risk management. This eventually led to establishing 

fundamentals of a few specialist areas in risk management; specifically risk management over projects, 

operations, and energy. The article describes risk management in the Polish metallurgical companies. 

Keywords: metallurgy, management, risk, Poland. 

1. INTRODUCTION 

Economic activity carried on in times of recession or out of the crisis poses additional challenges of 

managers. Metallurgical enterprises do not relied of consequences of the current crisis in the industry. There 

is no single and ultimate definition of risk. Risk is universe. There is one reason for it - risk is abstract term 

because risks are everywhere. [2] Risks have different background, different stakeholders and different 

impacts. All in all, risk has different variants and people witness more often man-made disasters, both 

environmental and economic, around the world. They have direct and indirect effects on people and their 

lives. 

2. RISK CONCEPT 

The Complete Wordfinder [12] defines risk as ‘a chance or possibility of danger, loss, injury or other adverse 

consequences’, while risk within an operational environment is defined by Kerzner [14] as ‘a measure of the 

probability and consequence of not achieving a defined goal’. The King Report on Corporate Governance 

(Institute of Directors [13]) defines risk as ‘uncertain future events that could influence the achievement of a 

company’s objectives’. The Institute of Directors states that these ‘could include strategic, operational, 

financial and compliance objectives’ and that ‘some risks must be taken in pursuing opportunity, but a 

company should be protected against avoidable losses’. Conversely, opportunity can be viewed as the 

likelihood of doing better than a specified goal. Achieving an outcome, therefore, represents the most likely 

scenario in terms of the interaction of risk and opportunity factors evaluated. 

3. RISK MANAGEMENT 

Dealing with risk requires that risk management be viewed as part of dynamic, repetitive processes rather 

than just a static management activity or being completely ignored. There are three distinct phases to 

successful risk management. These include [18]: 

 Risk identification: both internal and external to the operation; 

 Risk analysis: using any of a variety of techniques and; 

 Risk response: based on the identification and analysis, a response to the risk can be formulated prior to 

the problem occurring. 
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All business development initiatives involve elements of risk. The appropriate identification and management 

of these risks should be seen as the key to effective and sustainable growth, if effectively managed. Risk 

identification, as the first phase of the risk management cycle, can be completed by consulting objective 

(past experience) and/or subjective (knowledgeable experts) sources [14]. Various different risks can also be 

identified during the life-cycle phases of a project or operation. Risk management assists with the 

improvement in decision-making as the entire cycle/process (risk identification, assessment, and 

response/management) contributes towards a greater understanding of all risks and potential opportunities 

and losses. The risk management process is as much about identifying opportunities as it is about avoiding 

loss exposure. [4, 7] 

Menell observed that ‘tools without purpose are toys’, while Rozman and West [15] state that ‘no single tool 

exists, which combines the many and varied uncertainties in a mining operation’ (or project). This evidence 

supports the fact that risk analysis and quantification are exceptionally difficult within a mining framework. 

Various methodologies have been applied over time and continue to evolve as understanding of the 

overriding uncertainties increases. [5] 

The overall size of the operation and/or deposit need not be a reason not to adopt certain of these 

methodologies. In fact, because of the greater element of risk in metallurgy the need to begin applying such 

techniques is critical to ensure success. Risk analysis quantifies exposure and losses to prescribed 

circumstances so that probabilities of future losses or opportunities can be projected [17]. In addition, one 

should not lose sight of the overriding business objectives, which is the most important aim of risk analysis, 

and thus predicting the likelihood of a planned profit to be achieved over a given period of time [16]. 

Essentially, this process provides answers to the following fundamental queries: What can happen? How 

likely is it that it can happen? What are the consequences if it does happen? 

4. MANAGING RISK IN METALLURGICAL ENTERPRISES 

When analysing the factors underlying the current competitive performance of the European steel industry 

various elements must be considered. The factors are divided into business conditions; input factors, e.g., 

the cost of labour and raw materials; process factors, such as choice and utilization of technologies; output 

factors such as access to markets and overall performance measured in profitability; and performance in 

international markets; and last, but not least, demand for steel product, including market prospects. In 

addition, the individual companies’ overall strategies towards ensuring their competitive advantages are of 

course integrated parts of the industry’s competitiveness. 

As a result of consolidation in the European steel industry relatively few companies account for a large share 

of the steel production. This indicates the presence of entry barriers for new companies - most likely caused 

by high capital requirements and economies of scale. Apart from foundries and the casting industry, large, 

multinational companies dominate the steel industry, albeit to a lesser extent than in other sectors. [3, 6] 

With the rapid pace of technological progress, it is inevitable that new technology will be incorporated into 

projects in an effort to improve the performance relative to the above list, thereby achieving higher rates of 

return. Some projects are so novel that without new technology they could not be executed at all. The 

inclusion of new technology carries additional risks, which, if not carefully controlled, can reduce the 

probability of success in many of these key project areas. One standard method of addressing these risks 

and increasing the probability of financial success is to front-end load (FEL) the project, as recently 

discussed by Barshop and Marais [19]. Front-end loading can be defined as enhanced levels of planning and 

design executed during early project phases, where the ability to influence outcomes remains high and the 

cost to do so remains low (Fig. 1). 
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Fig. 1 Methodology for process problem solving 

Source: M. Kennedy, C. Harris, A. MacRae, Risk-weighted cash flow, Metalurgy and Materials, Vol. 3, Nr 3. 

Technical risks exist in metallurgical projects, even in the absence of new technology. Technical and 

technological risks are similar: They overlap, interact, and often compound each other’s effects. Technical 

risk is defined in this paper as the risk that the designed process equipment is not fit for its designed 

purpose, due to project-specific issues, such as size or composition of feed material, project location, or 

selection of inexperienced suppliers. Technological risk can be present in the form of new processes or 

products, scaled-up equipment designs, first-of-a-kind prototypes, or completely new technology (Wallgrove 

& Butler [20]). The track record of projects in extractive metallurgy incorporating major new technologies is 

not a particularly good one. Relatively recent experiences - for example, in pressure acid leaching of nickel 

laterites [21] - clearly indicate how difficult it is to execute such projects on time and on budget, then 

commission and ramp them up to their design capacities. For example, a comparison between the 

metallurgical industry and the chemical processing industry could raise the question, “Why are we unable to 

achieve a similar level of technical success?” The source of our difficulties can often be found in the nature 

of our raw materials. [10, 11] 

Edward Merrow [8] compared the relative performance of plants that primarily process solids with those that 

do not, from a fairly limited sample size of 60 plants. He found that the average performance of plants that 

process nonsolid was 84 %, whereas the performance for solids processing plants was only 63 %. 

Performance was defined as percentage of design throughput measured 6 months after start-up. In a later 
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publication, Merrow [9] used a much larger sample size of 508 plants and examined the impact of the nature 

of the raw material on operability, measured in the interval from 6-12 months after start-up. 

Plants treating a natural solid raw material as feedstock have a significantly lower operating performance 

than those treating all other types of feed. Merrow concluded that variation in physical and chemical 

properties are at least partly responsible for subdesign performance. 

The metallurgical industry suffers in part from the nature of the feed stock. Each rock in a mine or each grain 

of concentrate is unique; hence, metallurgical feeds are characterized statistically. The potential variability in 

liquid and gaseous feed stock properties are significantly less by comparison. Furthermore, Bell [1] reported 

that “gases and liquids do not grow, agglomerate, aggregate or suffer attrition, but particles do”; therefore, 

solids processing systems have more modes of failure. 

The effect of solids processing can also be seen in the performance of their respective engineering projects. 

Projects for facilities that process solids experienced 12 % more growth in cost after the project authorization 

and had their schedules slip 6 % more, when compared to plants that processed only gas and liquid [9]. 

It can be argued that technical risk is highest for projects directly treating raw ore - for example, in the 

production of ferro-alloys. Projects of this type can greatly benefit from efforts to quantify and reduce natural 

variations in the feed, e.g., adequate ore blending and mine planning. Examples would be the use of 

smelter-grade alumina in aluminium production or the use of concentrate in copper smelting. Hence, shifting 

from raw ore to concentrate smelting would be an example of reducing technical rather than technological 

risk. 

5. CONCLUSIONS 

This discussion realized in current paper creates a platform by describing the characteristics of the sector 

and dealing with resource management issues in particular. The overall aim was to highlight techniques to 

reduce resource related risk, which, in turn could make these prospects or operations viable for financing 

and/or investment opportunities. No process can create additional value in the ground but these mechanisms 

can go a long way to quantifying the inherent risk that exists and, one hopes, to allowing the entrepreneur 

access to the intrinsic opportunities of the metallurgy sector in Europe. In consideration with described 

problem there is possible to create list of recommendations: 

 Metallurgical processes with solid feed stock carry a higher level of technical risk than similar projects 

treating nonsolid raw materials. 

 Technical risk is larger in projects treating natural as opposed to pre-processed feeds. 

 New technology risk adds to the existing high technical risk prevalent in metallurgical processes. 

 Industry can improve the quality of the design criteria used in new technology projects and can result 

in lower technical and technological risk and a higher probability of achieving desired flows. 

 Engineers and financial professionals should agree on a methodology to define the magnitude of 

financial risk present at each project stage. 

 Applying risk-weighted flows and the time value of money should allow projects to reach better 

financial conclusions at each decision point and correctly determine whether additional is necessary to 

have a reasonable probability of achieving the project’s overall financial goals. 
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Abstract  

In this paper was described a different approaches for modelling resilient supply chains. Most of researches 

are focusing on modelling of supply chains for increasing resilience. Universal methodology of modelling has 

been proposed based on the analysis of the literature. Software for the further research was chosen and 

examples of operability this software was provided. 

Keywords: supply chain, resilience, simulation, software 

1. INTRODUCTION 

Modern computer technologies are used to monitor and correct distribution of resources in the logistic 

companies. Analytical, statistical, simulation and heuristic methods are used as tools to solving problems of 

supply chain management. Logistics models can also be separated into quantitative and qualitative types. 

Accordingly, the difference between these models is in the form of information providing in numerical and 

visual styles. This paper is devoted to the modelling of quantitative simulation models. Quantitative models 

calculate numerical estimates of indicators for the supply chain. Decisions are made on the basis of their 

network configuration, distribution and productivity of resources and operational management strategies. 

Simulation methods are studying the behaviour of the model object by creating of experimental model [1]. 

This modelling is used for finished supply chains, but could not help in creating and designing. Their use is 

most appropriate in cases of high complexity and dynamics of the system being modelled. 

Regularities of the system behaviour are identified by different input data based on the determination of 

numerical parameters. Combined application of the methods of optimization and simulation based on multi-

agent systems is the most effective. The theory of system dynamics relates to methods of simulation of 

supply chains based on nonlinear dynamical systems [1]. Most of the quantitative indicators of the system 

are estimated in the form of dynamic time series with discrete events. Finished simulation model is a 

computer program that implements numerical solution methods for the tasks of a real object. 

The purpose of this article is to propose the modelling methodology of resilient supply chains and to choose 

the appropriate software for the further realization of the model. 

2. DEFINITION OF SUPPLY CHAIN RESILIENCE 

Before engaging in modelling of resilient supply chains, we should to consider the most appropriate definition 

of the resilience. It helps us to define necessary approaches to achieve our goals by modelling of supply 

chains. 

Many more definitions of resilient supply chains have already been created. The most respected author in 

this area is Christopher, who emphasizes two basic cornerstones in his general definition, flexibility and 

adaptability of the system [2]. According to Fiksel´s economic definition, resilience is “the capacity of an 

enterprise to survive, adapt, and grow in the face of turbulent change” [3]. Sheffi and Rice define resilience 

as “the ability to bounce back from a disruption“[4]. The main idea of these definitions is to create such a 
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supply chain that is not vulnerable to risks. Schlegel and Trent consider that resilience refers to the ability to 

recover from disruptions of any type. Obviously, resilience will differ according to the risk occurrence and the 

steps, which has been taken to help with a recovery [5].  

3. LITERATURE REVIEW OF SUPPLY CHAIN RESILIENCE SIMULATION 

Detailed consideration of the definition of resilience helps us to proceed to modelling supply chain. Literature 

concerning of the supply chain modelling was reviewed for the articles in this field. 

Li and Zhao analyse resilience using the mathematical model of supply chains. It is a fault-tolerant system 

with two members, where was researched the changing rules of supply chain system deformation with time 

under the impact of sustained accumulation risks. It provided a novelty way for supply chain research [6]. 

Carvalho and Barroso are focusing on the supply chain vulnerability. They suggest that increased sensitivity 

to respond on changing in a rules and factors increases the resilience of supply chain. Based on this 

approach, authors built the model of supply chain with a big number of different scenarios and analysed 

behaviour of supply chain. Each node of the system has been considered separately from obtaining of order 

to delivery of the final product to customer [7].   

Falasca and Zobel propose to define the resilience of supply chains (SC) as a simulation-based framework 

that incorporates concepts of resilience into the process of supply chain design. In this context, resilience is 

defined as the ability of a supply chain system to reduce the probabilities of disruptions, to reduce the 

consequences of those disruptions, and to reduce the time to recover normal performance. The decision 

framework incorporates three determinants of supply chain resilience (density, complexity, and node 

criticality) and discusses their relationship to the occurrence of disruptions, to the impacts of those 

disruptions on the performance of a supply chain system and to the time needed for recovery. Created 

simulation model is used to characterize three supply chains, which characterize the degree of resilience in a 

result [8]. 

Nunes and Figueira used the model, which is called Supply Chain Disturbance Management Fuzzy Decision 

Support System (SCDM FDSS). The Fuzzy Decision Support System (FDSS) analyses the effects of Supply 

Chain disturbances and the effects of implementing mitigation (proactive) and/or contingency (reactive) plans 

set to counter such disturbances, reducing their negative impacts. The FDSS operates laying on two main 

pillars, one is the use of Fuzzy Set Theory (FST) to model the uncertainty associated with the disturbances 

and their effects on the SC; the other is the use of computer simulation to study the behaviour of the SC 

subject to disturbances, and the effects resulting from the implementation of mitigation or contingency plans. 

The use of the SCDM FDSS in real life environments helps the information sharing and the situational 

awareness among the entities of a SC, improving their collaboration and contributing to the resilience of the 

SC [9]. 

We can conclude what characteristics should have supply chain for modelling from the above literature 

review. 

4. MODELLING METHODOLOGY OF SUPPLY CHAIN RESILIENCE SIMULATION 

Computer simulation is the process of designing and building a model of a real or representative system and 

then using this system as an environment for controlled experiments. Simulation offers several important 

advantages: possibility to predict situations that would be potentially disastrous and understand processes 

that would be potentially confounded by external factors.  

Using simulation and modelling to study problems involving supply chain disruptions brings its own set of 

problems, which are most evident in four areas [10]: 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1899 

1. Describing and modelling the events triggering the supply chain disruption (SCD); 

2. The building of the simulation model itself; 

3. Identifying and setting appropriate policies and parameters. Determining what is to be treated as a 

given and what are the management policies that can be used to affect either the occurrence of the 

event triggering the disruption or the impact of the disruption on the affected organization; 

4. Analysing the resulting data generated from the simulation runs.  

When building a simulation model of a supply chain, two considerations must be noted. First, the system 

must be a dynamic, multi-echelon system that brings together multiple tiers of suppliers and multiple tiers of 

customers. Second, while the overall simulation model deals with the entire supply chain, any analysis of this 

data will tend to focus on the performance of only one node or entity in the model - the focus of interest. We 

can identify four factors that influence the process linking the triggering event to the disruption suffered by 

the supply chain component [10]: 

1. The specific traits associated with the triggering event; 

2. The structure of the supply chain (which identifies the nature of the linkages linking the various 

components of the supply chain); 

3. The policies, procedures, and parameters in use by the various components of the supply chain; 

4. The performance measures used in assessing performance. 

These four factors form the major foundations of the framework proposed in this chapter for modelling and 

studying supply chain disruptions. 

Proceeding from these factors methodology includes the following: 

1. The problem of modelling is a general task of choosing the part of supply chain, what disturbances is 

necessary to analyse and how to measure level of disturbances. 

2. Preliminary analysis. Each supply chain has certain specific features that need to be taken into 

account when assessing its resilience. The basic examined areas include the supply chain structure 

(type and number of elements, their locations, mutual links), raw materials, material, semi-finished and 

finished products (structure, variability, price, quantity), the used technologies (production, logistics) 

and the controlling processes (plan, source, make, delivery, return). Supply chain analysis is 

necessary to determine the internal sources of chain disruption, the definition of resilient capabilities 

that are available to the chain or, on the contrary, that it lacks, and the proposed appropriate actions to 

be taken in order to increase the degree of chain resilience. It is necessary to determine disturbances 

towards supply chain and possibility to measure them. 

3. Process parameterization, data gathering. Data gathering options necessary for building the dynamic 

model are evaluated. 

4. Creation of the model.  

5. Model testing and validation. State of the model evaluates at this stage and how the model replicates 

a real process. 

6. Design of the experiment. 

7. Conducting the experiments.  

8. Processing of measurement results. Processing of obtained results for achieving resilience of supply 

chain. 

Schematic representation of the methodology is shown in Fig. 1. 
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Fig. 1 Methodology of supply chain resilience simulation 

5. SOFTWARE FOR BUILDING RESILIENCE SUPPLY CHAIN 

In the contemporary world simulation models of logistics systems are occupied by a steady place in the 

market of software products (AnyLogic, Arena, AutoMod, eM-Plant, Enterprise Dynamics, Extend, GPSS, 

ProModel, QUEST, Simul8, WITNESS, Plant Simulation etc.) [1]. 

The individual approach is organized at the creation stage of simulation models for each company, because 

you need to take into account the specifics of the processes within the system and the structure. The 

manager defines the basic parameters of the system, which include: 

 input and output flows; 

 transport channels for describing of the system spatial structure; 

 organization and cost of cargo transportation, selection of equipment, loading rules, routes and points 

of shipment of the goods; 

 the location of places for intermediate storage of goods; 

 business transparency and standard supply chain management strategies; 

Significant positive effect is observed in the implementation of the enterprise simulations. Such models are 

used especially well for simulation of the functioning of the supply chain under different management 

strategies and in optimization of dynamic processes. 
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A large number of existing software products adapted to the specific supply chains. Examples of appropriate 

software products are described in the following part for convenient analyses and improve resilience supply 

chains. The modular structure is used to implement the programs, because it allows you to make changes in 

the program without a significant change in parameters. 

5.1 Arena 9.0 

A simulation model was developed to reproduce the behaviour of the actual SC subset. The simulation 

model was developed using Arena 9.0 simulation software and Microsoft Excel 2003. The Arena software 

interacts with Microsoft Excel using Visual Basic for Applications (VBA), which provides the methods and 

routines for applications to interact with each other. Each SC entity has an Excel workbook associated with 

it. For each SC entity, the model’s logic is designed in Arena. The Arena sub-model associated with an SC 

entity also includes the VBA blocks that communicate with tables in the corresponding Excel workbook, to 

read or save data, using Excel VBA. Arena triggers various planning activities in Excel at periodic intervals. 

Each planning activity checks the system status and takes actions depending on the status. The Excel 

workbook records the status of the system and the performance measures results [7]. Structure of the 

“typical” supply chain model is shown in Fig. 2. 

            

 

 

 

 

 

 

 

 

 

Fig. 2 Structure of the “typical” supply chain model [10] 

5.2 Anylogic  

The next described software product for modelling of resilience supply chains is AnyLogic. In the source [1] 

the model of adaptation control in supply chains were described (see Fig. 3). The model shows supply chain, 

which consists of several producers with unlimited sources of raw materials and consumer. Producer 

controls the amount of product with inventory in the warehouse, if the finished products in stock less then 

finished goods threshold. At the other side manufacturer orders row materials by another supplier, when the 

volume of row materials in warehouse is falling less than ordering threshold. Customer buys the product with 

ordering rate. Participants of the simulation choose from a several variants and use transparent history of 

previous orders with actual information about parameters state. Producer chooses the most optimal solution 

from the customer point of view. 
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Fig. 3 Search of bottlenecks in AnyLogic [1] 

The purpose of modelling was to determine the changes in the structure of the supply chain when the 

parameters of production (finished good threshold, ordering threshold) and external parameters (ordering 

rate) was changed. The volume of finished goods threshold, ordering threshold and ordering rate of a 

customer changed during the simulation [1]. As the result of parameter changes, the structure of supply 

chain was also changed. States of model items was changed by animation engine. 

Regulation of the system was performed by relevant structural and functional changes in management and 

planning in the case of adverse predictions or large deviations in the operation of the supply chain. The 

proposed model allows the manager to get an integrated view of the dynamics of orders and serves as the 

basis for making operational decisions. 

6. CONCLUSION 

This article provides an analysis of the existing simulation solutions to achieve resilience of supply chains. 

Among those software products were selected for different supply chain and describes how they apply in 

practice. Further research is directed to building the model of supply chain resilience analysis in area of the 

automotive industry. 
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Abstract 

Activity in the metallurgical production involves some risks of toxicity caused by the characteristics of the 

materials. Avoidance of such risks determines a stress level of workers. The metals are the principal ones 

met in modern industry and they are surveyed from so many aspects not only to those inside industry who 

are concerned with the working environment but also to doctors, physiologists, biochemists and other 

scientists in various fields and to students. Based on these considerations the paper aims to assess the 

stress caused at work in a foundry, by applying the psychological experiment method. The results were used 

in developing of new prevention and protection plan for health and safety work. 

Keywords: toxicity, foundry, psychological experiment. 

1. INTRODUCTION 

Globally, food, water and the environment have deteriorated to the point that we are all vulnerable to at least 

chronic, low level exposure to toxic metals. In the United States it has been revealed that tons of toxic 

industrial wastes, including heavy metals, are being mixed with liquid agricultural fertilizers and dispersed 

across America’s farmlands. [7] Several (PAHs) [1] scientific research results show that some polycyclic 

aromatic hydrocarbons are human studies have reported that foundry workers may by exposed to high levels 

of polycyclic aromatic hydrocarbons genotoxic carcinogens and that there is no identifiable threshold below 

which these substances do not pose a risk to human health [2]. Effects are felt polycyclic aromatic 

hydrocarbons on human health, including food chain and the environment as a whole are felt by inconjuratot 

concentration in air [2]. Special PAHs, such as anthracene (Ant), fluorene (Flu), naphthalene (Nap) and 

phenanthrene (PA), are generated in many foundry sands and have been detected in over 79 % of foundry 

sand waste [2]. In previous studies, PAH exposure was demonstrated to induce DNA strand breaks in 

workers exposed to fireproof materials and bitumen [3]. Higher risks for DNA damage or oxidative damage 

lesions have also been found in coke-oven workers with occupational PAH exposure [4]. Meanwhile, the 

increased risks of lung, bladder and urinary cancers were also associated with PAH-related occupations [5], 

as well as the increased risk of cardiovascular disease in foundry workers has also been documented [6]. 

Therefore, PAH exposure is definitely a cause of many adverse health effects in workers with this kind of 

exposure. Population exposure to emissions from multiple industrial sources, though little studied, is an 

aspect of great interest from an epidemiologic standpoint and therefore represents a segment that requires 

special attention. Acute metal toxicity as a result of occupational/industrial exposure can be readily 

diagnosed by means of patient history and overt symptoms. However, the more subtle effects of chronic, 

low-level exposure are associated with rather nondescript symptoms, and overt expression of physiological 

aberrations are often not realized until later in life. This is particularly apparent for the neurotoxic effects 

associated with the sulfhydryl-reactive metals [8]. 
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2. EXPERIMENTAL SECTION 

2.1 Psychological experiment 

Widely used in experimental research is dimensional analysis method, random balance method, full factorial 

experiments methods, methods which themselves require a large amount of data processing. For the 

organizing and conducting the psychological experiment the coordinator investigation, based on the previous 

experiences, establish which are the parameters (independent factors- input values)and performance 

indicators (objective functions - output values) followed, compose survey questionnaires and choose the 

specialists which will be consult. The specialists that are working in the metal factory are required to rank the 

factors of the process taking into consideration the influence they exert on performance indicators, given one 

rank to each factor. First ranks will be assigned to the most important factors. It can be mentioned that in 

case of these factors cannot be ranked, much more parameters can receive the same rank. Rank can be 

done with a few methods, but I choose to apply the psychological experimental method or rank correlation 

method because that method exploits specialists’ opinions from our area of interests. This paper aims to 

assess the stress caused by applying the psychological experiment method at work in metal fields of metal, 

referring to occupational exposure. For this purpose, a questionnaire for stress caused by toxicity 

assessment was prepared. It was applied to one group of specialists in the field mentioned. The results were 

statistically processed according to the proposed methodology. The questionnaire was completed by experts 

with answers. 

2.2 Identifying the influence factors  

The first category is represented by workers in a foundry. Results are centralized in a table name primary 

data, Table 1. Identify causes generating health risk and safety at work and giving a weight to grades 1 to 6. 

Table 1 Influence factors proposed for classification 

Factor Description Rank 

  X1 high working ambient temperature  

  X2 physical and mental strain  

  X3 presence of noxious  

  X4 presence of noise and vibration  

  X5 present drafts  

  X6 non uniform illumination  

3. RESULTS AND DISCUSSION 

In the second stage, where many parameters have received the same degree of influence, correction is 

considering real place in the string parameter ordering [8].  

The analysis results in Table 2 can be seen that the hierarchy of factors has not changed. Thus, the 

correlation coefficient between primary and secondary data table is rs = 1. 

        (1) 

If the value of rs is close to 1, the results (ranking) side table consistent with those of the primary table. If 

(rs = 0), then there is concordance between the results of two tables, and if ( rs = 1), the results of the two 

tables are contradictory. Because no consistent results between continued processing will be done only with 

secondary table. The next step is weighted proportional to the opinions of specialists training, experience in 
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the studied seriousness and interest in the investigation. Paying a score like that in the first stage, but this 

time specialists. 

Table 2 Table primary ranking factors influence              Table 3 Table correction of ranking factors influence 

where: 

             k = number of influencing factors (x) = 6  

                        rs = 1 (2-3) 
      rs =0.97 (3-4) 

In Table 3 are corrected values, new scores for each parameter and the new order of influence. To show 

that the tables are equivalent is calculated “rs“ between Table 2 and Table 3 and between Table 3 and 

Table 4. Checking adequacy primary data set with data from the secondary table (corrected) is based on 

correlation coefficient Rs, which is 1.  

Experts 
Influence factors 

X1 X2 X3 X4 X5 X6 

1 5 3 4 1 2 6 

2 5 4 3 2 1 6 

3 5 4 3 1 2 6 

4 5 3 4 1 2 6 

5 4 1 2 3 5 6 

6 6 2 3 1 4 5 

7 6 3 2 1 5 4 

8 3 3 1 2 3 3 

9 5 1 4 3 2 6 

10 5 2 3 4 1 6 

11 4 2 3 1 5 4 

12 3 1 2 4 6 5 

13 2 1 3 4 5 6 

14 5 3 4 1 2 6 

15 2 1 3 5 4 6 

The 
amount 
Aj 

65 34 44 33 50 83 

Q(1) 5 1 3 2 4 6 

Experts 
Influence factors 

X1 X2 X3 X4 X5 X6 

1 5 3 4 1 2 6 

2 5 4 3 2 1 6 

3 5 4 3 1 2 6 

4 5 3 4 1 2 6 

5 4 1 2 3 5 6 

6 6 2 3 1 4 5 

7 6 3 2 1 5 4 

8 4.5 4.5 1 2 4.5 4.5 

9 5 1 4 3 2 6 

10 5 2 3 4 1 6 

11 4 2 3 1 5 6 

12 3 1 2 4 6 5 

13 2 1 3 4 5 6 

14 5 3 4 1 2 6 

15 2 1 3 4 5 6 

The 

amount 

Aj 

66.5 35.5 44 33 51.5 84.5 
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Table 4 Weighted experts opinions 

Checking the degree of concordance between 
the views of experts is made by calculating a 
consensus coefficient w, the formula (2): 

  












m

1i

i

32

k

1j

2

j

Tkkm

12w    (2) 

 (3) 





k

1j

j

3

ji )tt(T     (4) 

M = number of specialists = 15 

tj = number of identical rank of a particular  
        value assigned by the expert i. (cred ca  
        i trebuie intre ghilimele) 

 

 

 

 

 

Then it is chosen the two values are compare [8]. Note that the completion stage from the table the critical 

value α of F tab criterion, where α = significance level = 0.05, 1 = INT (k-1-2/m), 2 = (m-1) 1 and number 

two and number three is not compulsory stage, and the processing of data can later apply after any step. In 

the next step, check the degree of consensus of experts with Fisher criterion. 

 

Fig. 1 Hierarhy of factors influence 

Analysing this order of influence factors can be grouped into three main categories. Usefulness of the 

proposed method is that it allows independent ranking factors, elimination of the insignificant and focusing on 

Experts 
Influence factors 

X1 X2 X3 X4 X5 X6 

1 7.75 4.65 6.2 1.55 3.1 9.3 

2 8.4 6.72 5.04 3.36 1.68 10.08 

3 9.8 7.84 5.88 1.96 3.92 11.76 

4 6.65 3.99 5.32 1.33 2.66 7.98 

5 6.52 1.63 3.26 4.89 8.15 9.78 

6 9.3 3.1 4.65 1.55 6.2 7.75 

7 7.89 3.99 2.66 1.33 6.65 5.32 

8 2 4 9 9 9 9 

9 7.4 1.48 5.92 4.44 2.96 8.88 

10 7.4 2.96 4.44 5.92 1.48 8.88 

11 4 2 3 1 6 5 

12 3.6 1.2 2.4 4.8 7.2 6 

13 2.18 1.09 3.27 4.36 5.45 6.54 

14 6.55 3.93 5.24 1.31 2.62 7.86 

15 2.1 1.05 3.15 5.25 4.2 6.3 

Suma Aj 91.54 49.63 69.43 47.41 73.3 120,08 

Q(2) 5 1 4 2 3 6 
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the important, positive effects on energy consumption and materials, so the costs involved by organizing an 

experiment. 

4. CONCLUSIONS 

Many of the contemporary and emerging issues are common to the practice of occupational medicine in all 

industries. Results in the present cohort study indicate that foundry workers still face high risk for developing 

silicosis under current work conditions. Risk management and sustainability have become central to the way 

companies operate and occupational health needs to be integrated into these systems. Epidemiology 

indicates that large numbers of welders may be at increased risk for respiratory illness. Extending our 

understanding of possible adverse health effects of exposure to welding fumes by utilizing both 

epidemiological and animal toxicology studies could be essential for risk assessment and the development of 

prevention strategies that would impact a large population of workers. In this new century with increasing 

demand of metals apart from the potential benefits, scientist and engineers must also anticipate and 

characterize potential risk associated with stress risk at work, in metallurgical problems.  

ACKNOWLEDGEMENTS 

This work was partially supported by the strategic grant POSDRU 107/1.5/S/77265, inside POSDRU 

Romania 2007-20013 co-financed by the European Social Fund- Investing in People. 

LITERATURE  

[1] E. Bergamaschi, S. Catalani, G. Folesani, P. Venco, E. Bodini, F. Guidetti, R. Bergonzi, I. Franchini, P. Apostoli, 

Environmental and biological monitoring of exposure to Polycyclic Aromatic Hydrocarbons in workers of an 

electric steel foundry, Medicina del Lavoro 96 (2005) 390-402. 

[2] E.C. (European Commnunities), Ambient Air Pollution by Polycyclic Aromatic Hydrocarbons (PAH ) - Position 

Paper Annexes, (prepared by the Working of 70 Group Polycyclic Aromatic Hydrocarbons, 2001. 

[3] D. Cavallo, C.L. Ursini, P. Bavazzano, C. Cassinelli, A. Frattini, B. Perniconi, A. DFrancesco, A. Ciervo, B. 

Rondinone, S. Iavicoli, Sister chromatid exchange an oxidative DNA damage in paving workers exposed to PAHs, 

Ann. Occup. Hyg. 

[4] M.R. Chao, C.J. Wang, M.T. Wu, C.H. Pan, C.Y. Kuo, H.J. Yang, L.W. Chang, C.W. Hu, Repeated 

measurements of urinary methylated/oxidative DNA lesions, acute toxicity, and mutagenicity in coke oven 

workers, Cancer Epidemiol. Biomarkers. 

[5] J. Cheng, S.G. Leng, Y.F. Dai, Y. Niu, Z.F. Pan, B. Li, Y. He, F.S. He, Y.X. Zheng, Association of metabolic and 

DNA repair enzyme gene polymorphisms and DNA damage in coke-oven workers, Chin. J. Prev. Med. 39 (2005) 

164-167. 

[6] 10] V.A. Palda, Is foundry work a risk for cardiovascular disease? A system review, Occup. Med. 53 (2003) 179-

190. 

[7] Miller OM, Lund BO, Woods JS. Reactivity of Hg(II) with superoxide: evidence for the catalytic dismutation of 

superoxide by Hg(II). J Biochem Toxicol 1991:6; 293-298. 

[8] Nichici, A., Cicala, E., Prelucrarea datelor experimentale, Timisoara, 1996, page 57-67. 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1909 

THE APPLICATION OF FUZZY FMEA 

Petra HALFAROVÁ, Tatiana USTYUGOVA, David VYKYDAL  

VSB-Technical University of Ostrava, Ostrava, Czech Republic, EU, 

 petra.halfarova@vsb.cz, ustyugova@yahoo.com, david.vykydal@vsb.cz 

Abstract 

Failure mode and effects analysis (FMEA) is one of the well-known techniques of quality management. The 

purpose of FMEA is to identify possible failure modes of the system components, evaluate their influences 

on system behaviour and propose proper countermeasures to suppress these effects. When applying this 

technique, it is important to determine the value of risk priority numbers. The risk priority number is usually 

calculated as the product of the severity, occurrence, and detection. This paper presents a way to evaluate 

FMEA parameters using fuzzy sets. 

Keywords: FMEA, fuzzy logic, quality management 

1. INTRODUCTION 

Customer satisfaction fundamentally determines the ability of an organization to provide its customers with 

products that are as far as possible meet their requirements. Identified customer requirements are reflected 

in the product provided in the planning stage quality. This phase focuses on product design and its 

implementation process. When planning quality is used a number of methods and tools. One of these 

methods is the FMEA. Using the traditional process of applying this method is relatively widespread. 

However, currently looking for different approaches to its unusual application, which should eliminate the 

drawbacks and improve the efficiency of its use. Therefore, when the application uses vague data evaluation 

using fuzzy sets. [1,2,3] 

2. FAILURE MODE AND EFFECT ANALYSIS (FMEA) 

FMEA (Failure Mode and Effect Analysis) is a systematic method that identifies problems with products or 

processes before they appear. FMEA focuses attention on defect prevention, improves safety and customer 

satisfaction. Furthermore, the FMEA applied in the design and development of a product or process for an 

existing product or process, also brings great advantages in introducing the organization. 

Traditional FMEA uses a risk priority number (RPN) to evaluate the risk level of a component or process. The 

RPN is obtained by finding the multiplication of three factors, which are the probability/ occurrence of the 

failure (O), the severity of the failure (S) and the probability of not detecting the failure (D) [4]. Representing 

this mathematically will give: 

RPN = O × S × D           (1) 

Traditional FMEA uses five scales and scores of 1-10, to measure the probability of occurrence, severity and 

the probability of not detection. [5] 

After determining the risk number RNP team provides recommended actions, which should reduce the risk 

numbers. It is important to give priority to measures that reduce the probability of the defects. 

http://www.vsb.cz/en/
http://www.vsb.cz/
mailto:petra.halfarova@vsb.cz
mailto:ustyugova@yahoo.com
mailto:david.vykydal@vsb.cz
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3. FUZZY APPROACH TO FMEA 

Fuzzy logic is a form of many-valued logic or probabilistic logic. It deals with reasoning that is approximate 

rather than fixed and exact. Compared to traditional binary, fuzzy logic variables may have a truth value that 

ranges in degree between 0 and 1. Fuzzy logic has been extended to handle the concept of partial truth, 

where the truth value may range between completely true and completely false. Furthermore, when linguistic 

variables are used, these degrees may be managed by specific functions. Irrationality can be described in 

terms of what is known as the fuzzjective. The term "fuzzy logic" was introduced with the 1965 proposal of 

fuzzy set theory by Lotfi A. Zadeh. [6,7]  

Linguistic variables are the input or output variables of the system whose values are words or sentences 

from a natural language, instead of numerical values. A linguistic variable is generally decomposed into a set 

of linguistic terms. [4] 

When defining fuzzy sets proceed as follows: first define a set U called the universe. Fuzzy set is from a 

mathematical point of view function  

A: U → [0, 1].            (2) 

A function A is sometimes called the degree of membership. This means that the fuzzy set is identified with 

its membership functions. μA(x) is interpreted as the degree of membership of element x in fuzzy set A for 

each x ∈ X. [8, 9] (Fig. 1). 

Fuzzy numbers are special fuzzy set in the universe of real numbers. Fuzzy number intuitively represents a 

value that is inaccurate, which can be verbally described as "around ten", "approximately 1", etc. Such Figs.  

are not exceptional. On the contrary, there are many areas where work with numbers, which are fuzzy. [10] 

From a mathematical point of view are fuzzy numbers convex fuzzy sets with continuous membership 

functions, and there are points such that the following applies: 

a)     ,, 21 aax is μA = 0; 

b) μA is increasing on 01 , aa 
 and decreasing on 20 , aa 

; 

c) μA(a1) = 0, μA(a2) = 0 and 01 , aax 
 is μA(x) = 1. 

A special and most common type of fuzzy numbers are called triangular fuzzy numbers. It's nothing more 

than fuzzy numbers whose membership function has a triangular shape. A triangular fuzzy number with 

center b may be seen as a fuzzy quantity “x is approximately equal to b.” 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Triangular fuzzy membership function 
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http://en.wikipedia.org/wiki/Probabilistic_logic
http://en.wikipedia.org/wiki/Reasoning
http://en.wiktionary.org/wiki/binary
http://en.wikipedia.org/wiki/Truth_value
http://en.wikipedia.org/wiki/Linguistic
http://en.wikipedia.org/wiki/Fuzzy_set_theory
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The advantages of the proposed fuzzy rule base approach for application to FMEA can be summarized as 

follows [1]: 

 It provides an organized method to combine expert knowledge and experience for use in an FMEA 

study. 

 The use of linguistic terms in the fuzzy approach allows for the experts to assign a more meaningful 

value for the factors considered, and hence improve the applicability of the FMEA. 

4. APPLICATION 

Fuzzy FMEA process is applied to the production tubing and membrane walls. The company created a new 

production process on the line membrane walls. In this process, there are relatively large number of defects. 

In order to reduce the proportion of non-conforming products, it was decided to apply the fuzzy FMEA 

process. 

Application of FMEA is devoted to the process of butt-welding pipe, because welding is one of the basic 

operations in the production of membrane walls. During the welding process are the biggest sources of risk 

weld defects in this process can occur.  

It is necessary to describe the process and subsequently to expand operations from input to output of the 

production process. The next step is to determine the potential (potential) defects that may occur during 

production. Subsequently assigned to possible failure can be severity of the failure. Are taken into account 

as to how the failure affects the customer in use, how can the defect affect other steps in the production of 

membrane walls and what will be the impact on welders / operators of machinery. The possible 

consequences of defects are allocated to causes (mechanisms) defects that these defects cause. The next 

step was analysed existing management process in terms of prevention and in view of revealing the causes. 

 

Fig. 2 Input variables membership function 

 

Evaluation was carried using fuzzy numbers. They are defined by three input variables, each being defined 

by triangular membership function (Fig. 2). One output variable is defined using triangular membership 

function (Fig. 3). 

Have been determined possible defects and their causes in the process. Evaluation of these potential 

Occurrence of the failure (O), the severity of the failure (S), and the probability of not detecting the failure (D) 

are described by membership functions. Using Mamdani fuzzy linguistic fuzzy model have been calculated 

RPN (Table 1). 
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Fig. 3 Output variable membership function 

 

Traditional FMEA determines the RPN by finding the multiplication of factor scores that are converted from 

the probability or degree of problem occurrence. This study applied fuzzy logic approach to evaluating the 

results of FMEA. 

This Table 1 shows an overall summary of all the most hazardous factors and their causes. These defects 

(or the causes of these defects) will have to propose recommendations for action. 

Table 1 Evaluation of potential failure (the cause) using RPN and fuzzy approach 

Failure mode Failure cause O S D RPN 

Crack 
The material has a higher the 
concentration C, Mn 

Very High  Medium High Medium  

Crack Rapid cooling of the material Very High  Medium Medium 
High 
medium  

Crack Wet electrodes Very High  Medium High 
High 
medium  

Slag The convex shape of the layers Medium Medium High Medium  

Slag Incorrect order of layers Medium High Medium Low medium  

Surface defect - 
burnt 

Welding amperage is too large High High 
Very 
High  

High 
medium  

Surface defect - 
burnt 

Too long welding arc High Medium High Medium  

Welding 
defects 

Speed of welding is high High Medium High Medium  

Welding 
defects 

The electrode has a large diameter High Medium High Medium  

5. CONCLUSION 

Unusual use of fuzzy FMEA process of production tubing and membrane walls brought a different 

perspective to evaluate the criticality of potential defects. Unlike the traditional approach is the evaluation 

performed using the numerical value of the critical numbers. When applying fuzzy FMEA RPN is defined by 

linguistic variables on a scale criticality of defects from almost none after very high. 
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Abstract 

Decision-making processes cross all sequential managerial functions. The quality of outcomes from these 

processes is decisive for the prosperity and viability of the managed (entrepreneurial) entity (unit). It depends 

on the quality of the information available and its use for making a decision. For the sake of decision-making 

process quality, a manager should not - particularly if the management of entrepreneurial entities is 

concerned -rely only on their experience and intuition when making a decision. They should not omit the 

possibility of obtaining information for decision-making by means of existing theoretical - methodological 

concepts, generalizing on an exact basis the formal-logical part of decision-making processes under various 

conditions. These conditions include situations when it is necessary to consider more criteria for decision-

making with different weights, hierarchy and mutual relations, at various levels of certainty or risk and 

conditions when the probability of risk factor effects is only known up to the uncertainty, where the influence 

of randomly acting factors cannot be statistically “estimated”. In other words: The quality of managerial 

decision-making processes - particularly those with strategic relations, long-term influence on the efficiency 

of the managed entity, connected with terms such as “multi-criteria, risk and uncertainty” - can be 

significantly supported by using the theory of decision-making following, among other things, from the game 

theory situation analogy and strategic behaviour. The following text tries to specify in detail the above 

mentioned knowledge and document it in a simple example of investment decision-making.  

Keywords: multi-criteria decision making, risk, uncertainity 

1. INTRODUCTION 

Decision-making situations can be classified from numerous points of view [1]. The number of players and 

the presence of a random mechanism can be considered the most important risks and uncertainties in the 

decision-making theory. Decision-making situations with the presence of random players can be divided into 

conflicts where at least two intelligent players play (a player that strives to maximize its win unlike the 

random mechanisms or a non-intelligent player), and decision-making under uncertainty and risk. Decision-

making under risk is considered a situation when an intelligent and a non-intelligent player play the game 

and the intelligent player knows the probability distribution according to which the random mechanism 

chooses its strategies. If the intelligent player does not know the probability distribution of random 

mechanism strategies, then it is decision-making under uncertainty. The essence of decision-making theory 

models is models of games against nature [2]. Strategies applied by a decision-maker are called 

alternatives. The opponent is the real states of the circumstances (random mechanisms) which influence the 

selected decision. The result of every alternative under the given states of the circumstances is a profit or 

loss (so called "payoff"), most frequently expressed in money. As many payoffs correspond to every state of 

the circumstances, as many alternatives of the solution are considered. In fact, it is difficult to reliably 

determine the amount of payoffs for individual alternatives in various states of the circumstances. The 

decision-maker usually estimates these themselves or by means of experts [1, 3, 4]. The success of the 

decision-making process depends on the level of accuracy of such estimates. The making of a certain 

decision (alternative) with a corresponding profit (payoff) is governed by the decision-maker’s intention and 

approach to the issue or priorities of a company. It is not always suitable to select an alternative with the 

mailto:k.chobot@seznam.cz
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maximum or minimum payoff (depending on whether costs or revenues are concerned). Aside from payoff 

amounts, the decision-maker is also influenced by the states of the circumstances at the time of decision 

implementation.  

2. MULTI-CRITERIA MODEL OF DECISION-MAKING THEORY 

The majority of decision-making situations are characterized by many different criteria; therefore, it can be 

useful to define a decision-making model in the multi-criteria way. With multi-criteria models of decision-

making theory it is necessary to distinguish situations with certainty, risk and uncertainty. Methods of multi-

criteria decision-making first require setting the weights of individual evaluation criterion. The more important 

the criterion, the higher the weight [1 - 2]. The importance of criteria is associated, e.g. with the goals in view 

of the company they reflect. The multi-criteria model of decision-making theory [3] shows a situation in which 

the decision-maker can select from several alternatives which are influenced by the implementation of one of 

many states of circumstances. The payoff of every alternative and the states of the circumstances are then 

determined by a multicomponent vector. It would be necessary to find such a function for the multi-criteria 

model of decision-making theory which determines a comprehensive alternative evaluation according to all 

the criteria. To express such an analytical function is difficult, therefore it is possible to use criteria 

aggregation or comprehensive alternative evaluation as a help in multi-criteria decision-making. In the case 

of criteria aggregations the multi-criteria model of decision-making theory is converted to a single-criterion 

model. It means that every payoff vector is converted to a simple evaluation of alternatives corresponding to 

the payoffs of the single-criterion model. Then, a suitable method for solving the single-criterion model is 

used. We can select the best alternative by means of a suitable rule for its solution. The rule must best 

respect the characteristics of the decision-making situation. It is necessary to realize in all the cases that the 

aggregated payoff need not be practically interpretable. For the comprehensive alternative evaluation, such 

an alternative is selected as the best which includes the best results of individual alternatives for all the 

possible states of the circumstances. Every rule creates a vector of criterion values and the best alternative 

is the one evaluated with the best criterion value.  

2.1. Solving multi-criteria decision-making models under risk 

There are two procedures for solving decision-making models under risk following from the Bayesian 

principle which lead to the same results. They are: 

 the rule of maximum expected payoff  

 the rule of minimum expected loss. 

These are decision-making situations where two players play; in a simplified case, one of them is intelligent 

and the other representing a random mechanism. [1] He states that an optimum strategy under risk is the 

behaviour which results in maximizing the mean value of win. A decision-making situation can be described 

by the following matrix:  mnmn aaaaA ....,....,... 1111 . The behaviour of the non-intelligent player is determined 

by the probability function defining columns of the matrix. It is represented by vector  npppp ,...,, 21 . Its 

components show the probability that the non-intelligent player will choose the jth column of the matrix - jth 

strategy. The intelligent player selects (according to the sentence on the mean value of the win) such 

strategy or line as optimum, for which the expression  


n

j
jij pai

1
 takes the maximum value. People do 

not always decide in a way to maximize mean values of strategies, but to maximize utility from these 

strategies. Bernoulli’s utility function )(xu follows from the fact that the utility increment is directly proportional 

to the increment of the x amount, but indirectly proportional to the x  amount. The utility function is highly 

individual and expresses the decision-maker’s attitude to the risk. They can have an aversion to risk, tend to 

risk or take a neutral position to risk [1, 4, 5]. The decision-maker with aversion to risk selects few risky 
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alternatives. The decision-maker with a tendency to risk selects alternatives which have a chance for 

particularly good results, but which also bear a high risk of losses. The aversion and tendency to risk of a 

decision-maker with a neutral attitude are in balance. The dependence of utility vs. criterion will be concave 

with a decision-maker with an aversion to risk and vice versa, it will be convex with a decision-maker with the 

tendency to risk. The linear dependence of utility vs. criterion can be expected with the decision-maker 

having a neutral attitude to risk. It is necessary to realize that the utility function does not express a decision-

maker’s overall attitude to risk but only to a certain evaluation criterion. It follows that in multi-criteria 

decision-making the utility vs. risk function can have several convex, concave and linear parts depending on 

the set of individual criteria and decision-maker’s attitude to these individual criteria. The rule of expected 

mean value and variance uses two basic characteristics of probability distribution of the risky alternative 

evaluation criterion, where the risky alternative variance comes out as a level of risk. The bigger the risky 

alternative variance, the higher the risk of this alternative. It is followed from the presumption that the 

decision-maker evaluates more the risky alternatives: 

5. With a higher expected value of the selected evaluation criterion and prefers them to alternatives with 

a lower expected value. 

6. With a lower risk and prefers them to alternatives with a higher risk. 

This rule does not enable complete arrangement of risky alternatives with regard to the selected evaluation 

criterion but only enables dividing the set of “non-dominated alternatives” (The alternative is called non-

dominated if there is no better alternative to it with the intent that some of the criteria values could be 

improved without worsening the values of other criteria. In contrast, an alternative is called dominated if there 

is an alternative which has all the values of criteria at least as good as the original one and at least one value 

is better. [1]) which are better than the other alternatives. It is a suitable tool for the determination of risky 

alternatives in case their probability distributions of selected criterion are approximately symmetric. One of 

the tools for showing consequences or risky alternatives with regard to the selected evaluation criterion is 

“decision-making matrices”. They can only be used if risk factors influencing consequences of risky 

alternatives are of a discrete nature [1]. Lines of the decision-making matrix show individual alternatives for 

decision-making and columns show combinations of risk factor values with regard to the selected evaluation 

criterion. If risk factors are of continuous nature, or if the number of risk factors is higher than two, the 

decision-making matrix is no longer a suitable tool for showing consequences of risky alternatives. In such 

cases, it is recommended to use the simulation by the Monte Carlo method to determine the probability 

distribution of the selected evaluation criterion of risky alternatives. The Monte Carlo method is best 

performed by PC [5]. A risky situation is created in every simulation step. After creating a sufficient number of 

risky situations and determining corresponding values of risky alternatives the computer software provides a 

result in the form of probability distribution of the given criterion (project). 

2.2. Solving multi-criteria decision-making models under (complete) uncertainty 

These are decision-making situations in which a random mechanism acts as a non-intelligent player. 

However, in this case the intelligent player does not know the probability distribution of strategies of the 

random mechanism. There are several approaches to decision-making under uncertainty according to which 

it is possible to determine an optimum strategy for the intelligent player. The principle of indifference, so 

called Bernoulli - Laplace’s criterion. The intelligent player presumes that probabilities by means of which the 

non-intelligent player selects their strategies are equal. In this way, the decision-making situation is 

converted to decision-making under risk. Such strategy is selected as optimum which leads to maximizing 

the mean value. The minimax approach, so called Wald’s criterion. According to this criterion the intelligent 

player selects such a strategy which will bring them the maximum minimum of profit regardless of the 

strategy selected by the non-intelligent player. This criterion is highly pessimistic. A rational decision-maker 

uses it if they want to ensure minimum risk for their decision. The loss minimax approach, so called Savage’s 

criterion. In its essence, it is Wald’s criterion when the intelligent player selects such a strategy as optimum 
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which will bring the maximum minimum of losses. The loss is defined as a profit when the strategy of the 

other player is known, decreased by the maximum from this profit. Minimax approach. When using this 

optimistic criterion, the player presumes that the non-intelligent opponent will select such a strategy which 

will maximize the intelligent player’s performance. Medium optimism approach, so called Hurwicz’s criterion. 

Such strategy is considered to be optimum which maximizes the sum of its value multiplied by an "optimism 

coefficient" and its addition to one. This coefficient takes values from (0.1) interval. The optimism criterion 0 

is Wald’s criterion. If the coefficient equals 1, it is the minimax approach. The optimism coefficient is highly 

subjective. Probability trees represent consequences of risky alternatives at a certain time sequence. Risk 

factors are expressed by means of nodes. Edges of these nodes represent potential results of risky 

alternatives including their probabilities. Consequences of risky alternatives are expressed by the ends of 

branches of the probability tree. Probability trees serve particularly for displaying discrete risk factors. 

Continuous random quantities must be approximated by means of several discrete values. The application of 

probability trees requires some simplification of issues solved such as the approximation of uncertain 

quantities by means of determination estimates. Decision-making trees, as in the previous case, can be 

implemented as a sequence of nodes and edges of an oriented chart [1]. Decision-making trees serve as a 

tool for displaying a multi-stage decision-making process [6] or they can be used for the determination of an 

optimum decision-making strategy. In multi-stage decision-making processes the optimum strategy 

represents a sequence of optimum decisions in individual stages of the decision-making process. When 

selecting an optimum strategy, we follow from the end of the decision-making tree. It is necessary to 

determine expected utilities (values) of an evaluation criterion for situation nodes and select an alternative 

with the highest utility of the respective criterion [5]. We determine an optimum decision-making strategy by 

gradual repetition of these two steps for all parts of the decision-making tree from the end of the tree to its 

beginning. The weakness of decision-making trees is that they are mono-criterion. When assessing a 

decision-making situation in multi-criteria decision-making, it is necessary to create as many decision-making 

trees as the given criteria.  

3. EXAMPLE OF INVESTMENT DECISION - MAKING 

A manager of a company should decide which of five projects should be implemented. He solves project 

implementation both for the conditions of risk, and the conditions of uncertainty. In this case, each of the 

projects is characterized by price, the 1st milestone deadline, current work in progress, the end of project 

deadline and penalty for the failure to adhere to individual deadlines. Characteristics of individual projects 

are summarized in Table 1. The probability of success in project fulfilment was estimated on the basis of 

work in progress by an expert. The following probabilities were determined for individual projects: A - 0.02, B 

- 0.00, C - 0.16, D - 0.19 and E - 0.48. This means that project A has a 20 % chance for timely fulfilment of 

the 1st milestone with the given work in progress (%) and stated deadline for project termination (KT) 

without any penalty. A higher risk expressed by the rate of variance was accepted for the methods of 

decision-making under risk or for the method of expected mean value and variance. As seen from the results 

summarized in Table 2, project E has been evaluated as the most advantageous project for implementation 

according to all the decision-making methods. The situation is more complicated with the work in progress 

criterion, see Table 3. The project selection analysis for decision-making under risk is significantly influenced 

by the estimate of project success probability on the basis of the current work in progress. Project E seemed 

to be the most advantageous for implementation under the condition of risk. Project B was determined as the 

most suitable in decision-making under uncertainty. Project E ranked second and third in the selection. 

When project E was subjected to a more detailed examination under conditions of uncertainty in the case of 

work in progress criterion, second place was determined according to Wald’s, Savage’s and Hurwicz’s 

criteria. In the case of Wald’s criterion, we would count on the second biggest minimum of profit of all the 

projects. Savage’s criterion would tell us that it will be the second least loss-making project based on work in 

progress. On the basis of Hurwicz’s criterion with an optimism coefficient equal to 0.2, i.e. rather pessimistic 
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estimate of future work in progress, project E would be again the second best choice. Selecting project E as 

the second most successful project based on work in progress can also be substantiated by the fact that 

Bernoulli - Laplace criterion was “influenced” by the same probability of success of individual projects (in this 

case the probability for Bernoulli - Laplace criterion was calculated at the rate of 0.2 for all the projects). The 

maximax analysis was too optimistic. Table 4 was compiled on the basis of results stated for the term of 

handover criterion. Project E was selected as the most suitable one for the case of decision-making under 

risk. In the cases of decision-making under uncertainty dominated strategies were better. According to the 

term of handover it was not possible to say in the case of decision-making under uncertainty which of the 

stated projects should be implemented.  

Table 1 Characteristics of individual projects 

Project 
Price 

(EUR) 

1st 

milestone 

(KT) 

End (KT) 
Work in 

progress (%) 

Penalty for failure to meet the 

deadline 

A 93860 50 6 0 

 

0.05 % per day of delay, max. 5 % of 

the total price 

B 63160 48 6 0 

C 114280 1 7 1 

D 117700 2 7 1 

E 226000 52 6 35 

Table 2 Order of success in projects based on meeting or not the 1st milestone 

1st milestone  Order of project success 

Solution Method A B C D E 

RISK 

Maximizing the mean 
value of the win 

IV. 1271 V. 0 III. 16337 II. 20965 I. 96489 

Expected mean value 
and variance 

IV. 45 V. 0 III. 45 II. 45 I. 53 

UNCERTAINTY 

Bernoulli - Laplace IV. 18772 V. 12632 III. 22856 II. 23540 I. 45200 

Wald’s IV. 51623 V. 28422 III. 79996 II. 88275 I. 146900 

Savage’s IV. 6423 V. -16778 III. 34796 II. 43075 I. 101700 

Maximax IV. 93860 V. 63160 III. 114280 II. 117700 I. 226000 

Hurwicz’s (alpha 0.2) IV. 60070 V. 35370 III. 86853 II. 94160 I. 162720 

Table 3 Order of success in projects based on production work in progress  

Work in 
progress 

 Order of project success 

Solution Method A B C D E 

RISK 

Maximizing the mean 
value of the win 

IV. 13 V. 0 III. 84 II. 91 I. 327 

Expected mean value 
and variance 

IV. 0.94 V. 0 III. 2.96 II. 3.17 I. 4.43 

UNCERTAINTY 

Bernoulli - Laplace II. 38 I. 42 IV. 32 V. 30 III. 34 

Wald’s V. 0 I. 100 IV. 1 III. 1 II. 35 

Savage’s V. -42 I. 58 IV. -41 III. -41 II. -7 

Maximax II. 190 I. 210 IV. 160 V. 150 III. 170 

Hurwicz’s (alpha 0.2) III. 76 I. 144 IV. 65 V. 61 II. 89 
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Table 4 Order of success of projects based on the term of handover 

Handover  Order of project success 

Solution Method A B C D E 

RISK 

Maximizing the mean 
value of the win 

IV. 0.13 V. 0 III. 1.25 II. 1.52 I. 3.87 

Expected mean value 
and variance 

IV. 0.16 V. 0 III. 0.5 II. 0.55 I. 0.87 

UNCERTAINTY 

Bernoulli - Laplace Dominated strategies 

Wald’s Dominated strategies 

Savage’s Dominated strategies 

Maximax Dominated strategies 

Hurwicz’s (alpha 0.2) Dominated strategies 

Table 5 Order of success of projects based on criterion aggregation 

Criterion 
aggregation 

 Order of project success 

Solution Method A B C D E 

RISK 

Maximizing the mean 
value of the win 

IV. 6148 V. 0 III. 92690 II. 124367 I. 521646 

Expected mean value 
and variance 

IV. 22 V. 0 III. 74 II. 80 I. 187 

UNCERTAINTY 

Bernoulli - Laplace IV. 18772 V. 12632 III. 22856 II. 23540 I. 45200 

Wald’s IV. 13351 V. 6491 III. 26469 II. 32072 I. 44494 

Savage’s IV. -31849 V. -38709 III. -18731 II. -13128 I. -706 

Maximax IV. 93860 V. 63160 III. 114280 II. 117700 I. 226000 

Hurwicz’s (alpha 0.2) IV. 61656 V. 40492 III. 79156 II. 83449 I. 153397 

All the decision-making criteria were summarized individually on the basis of revenues and costs following 

from their fulfilment or non-fulfilment. Criteria aggregated in this way were processed. Project E was 

determined as the most suitable project for implementation based on the results in Table 5. Although in the 

case of the work in progress and term of handover criteria the results of project evaluations led to the 

nomination of a different project or to the impossibility to decide, project E was determined as the most 

suitable project based on results. 

4. CONCLUSION 

In this thesis, the approach to multi-criterion decision-making under conditions of risk and uncertainty was 

shown. A procedure resulting in the preference of one project which should be implemented at the expense 

of the others was presented in a specific example. The whole situation would change, provided that the 

result should be the establishment of a project portfolio, in order that they would surpass revenues from one 

project. The situation with the work in progress criterion when projects in the second and third place were 

also evaluated, clearly showed the necessity for analyzing individual criteria (procedures) in overall relations 

and on the basis of the evaluator’s preferences. 
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Abstract 

Machines and devices use a specific technology, giving the specific characteristics to the product. These 

features of the product may decide about its competition of the manufacturer on the market, what is 

responsible for existence of the manufacturer on the market. In the paper the relation between technological 

possibilities of the rolling mill and competition of its product (ribbed wire) according to workers evaluation was 

analysed. This relation was used to show technological position of the research company. 

Keywords: ribbed wire, rolling mill, technology, competition 

1. INTRODUCTION 

The technology can be defined as the overall knowledge of the particular method which concerns 

manufacturing of a good or achievement of a certain industrial or service effect. So it can be concluded that 

the company, in order to produce goods with sufficient quality, which find buyers in the market, must have 

adequate knowledge of their production [1]. 

Many products require the use of certain technology or can be manufactured with use of different 

technologies, and their choice depends on many factors: technical, economic, social or cultural, such as 

cost, time, legislation, safety, comfort, etc. 

The own technologies, and at the same time the finished products will affect the position of the company in 

the market and hence the existence of this market. It means that the technology will also have an impact on 

the product competition. 

The strategy position of the company then will depend on these two factors. It is easy to define this position 

with use of 3x3 matrix. 

2. CHARACTERISTICS OF THE RESEARCH COMPANY 

The research steelwork is the largest and most modern heavy plate’s producer and steel structures in 

Poland. In the company the Quality Management System according to ISO 9001: 2008 for the production of 

plates, slabs, precast and steel structures was introduced. It is one of the larger companies in the region 

that, in the same time, is the largest employer of the city. 

Plates are manufactured in a reversing four-high mill from continuously casted slabs coming from own steel 

melted in an electric arc converter and subjected to secondary metallurgy treatment in a ladle furnace and 

vacuum degasser. The plate mill is the biggest department of the research steelwork, in which it is possible 

to produce plates according to individual customer requirements. The last modernization of the mill took 

place in 2008, after which production capacity can reach more than 1 million tons per year. The rolling mill 

has a 70 % Polish market share and 5 % European market share [2-4]. 

mailto:bork@zim.pcz.pl
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3. RESEARCH METHOD 

The research which is presented in the article is a part of the researches connected with BOST method 

conducted at Institute of Engineering Production, Faculty of Management, Czestochowa University of 

Technology [5-7]. This test method, based on the Toyota’s production system can be successfully used both 

in production and service institutions. It was created by prof. Stanislaw Borkowski. It is a survey method 

which describes material and non-material resources such as: the most important areas of improvement, 

visual control of factors, elements of the manufacturing process, competitive products and manufacturing 

processes.  

In the article it is presented one of the questions of the questionnaire. Respondents were asked for the 

assessment on a scale from 1 to 9 of the product competition (TK) and the technological possibilities of the 

manufacturing process (TW) (1 - low, 9 - high evaluation). 

In the paper the 3x3 matrix, presented at first by Paul Lowe [8], with some its modifications of author 

presented already in papers [5-7], was used to evaluate both factors. In the original X-axis is represented by 

the technological possibilities and the Y-axis by the position in the market (changed for product competition 

by authors). The matrix shows that the adopted scale of assessment must be divided by 3. It was necessary 

to change locations of the borderlines to avoid problem with interpretation. Now they are placed between the 

possible answer. On the axes the letter symbols were introduced. Characteristics of the 3x3 matrix with the 

description of its parts is presented in Fig. 1. For all companies part 1 is a main goal to achieve. 

 

 

Fig. 1 Characteristics of 3x3 matrix and denotation of its parts. 

1. Focus on the revealed chance. 2. Improve the marketing.  

3. Search for partners. 4. Discover the incidental market.  

5. Keep in the background. 6. Keep in the background.  

7. Buy the ready technology. 8. Develop your technological 

potential. 9. Search for occasions [own study] 

The research and its results presented in this paper are a continuation of previous studies using the BOST 

method connected with the described matrix. 

4. RESPONDETNS FEATURES 

During the development of BOST methods six key characteristics of the respondents were identified. These 

are: gender (MK), education (WE), age (WI), job seniority (SC), mobility (MR), way of employment (TR). A 

detailed list of personal characteristics of the respondents is presented in Table 1. 

Table 1 Features of respondents. Characteristic [own study] 

Symbol 
Features' marking and their characteristic 

MK WE WI SC MR TR 

1 Men High school < 30 < 5 1 Regular 

2 Women Professional 31 - 40 6 to 10 2 Transfer 

3 

 

Secondary 41 - 50 11 to 15 3 Finance 

4 

 

Higher 51 - 55 16 to 20 4   

5 

  

56 - 60 21 to 25 5   

6 

  

61 - 65 26 to 30 6   

7 

  

> 66 31 to 35 
   

8       > 36     
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In the conducted BOST research 35 employees (all workers) from the chosen plat mill took part. The detailed 

profile of the respondents is presented with use of radar graphs in Fig. 2. 

 

 

Fig. 2 Radar graph. Respondents characteristic with consideration of:  

a) gender, b) education, c) age, d) job seniority, e) mobility, f) way of employment [own study] 

In the research 35 people took part, of which 29 are males. It should be emphasized that this may be caused 

by the industry, to which the company belongs and therefore specific work. In the company mainly people 

with a professional education (14 people) are employed, but the number of workers with higher education 

(10 people) is also big. In the research people, who are over 60 years old, didn’t take part. Most of workers 

are between 31-40 and 56-60 years old, which means that the company focuses on an experience, but do 

not want to hire older people. The age of respondents is also connected with the experience of the 

employees. In the company it was observed that there was a group of experienced workers (26-30 years) 

which are the teachers for a large group of less experienced workers (6-10 years). This should result in the 

continuity of the staff. For most employees this is already 2nd-3rd job and they were employed in normal way. 

5. RESULTS 

The usual presentation of research results in the analysed case would not show fully the real situation of the 

company. The Figs.  illustrate the results better than tables. A compilation of several Figs.  together allows 

for better interpretation of the obtained results. So overall it was decided to present the results in the form of 

Figs.  in a variety of forms, and these forms combine with each other (Fig. 3). The map of evaluations and 

the map of sum of evaluations will let observe the distribution of votes between the different parts of the 3x3 

matrix, and at the same time to determine the strategic position of the research plate mill. However, the radar 

graph shows the summary of the evaluations. 
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Fig. 3 Presentation of research results in the form of: a) map of evaluations b) map of sum 

of evaluations number for each area of 3x3 matrix, c) radar graph 

Source: own study 

It should be noted that both research factors didn’t get the lowest evaluations (Fig. 3a). However, it should 

be underline that no one of the interviewed employees evaluated at the same time the product competition 

(TK) and the technological possibilities of the manufacturing process (TW) as 9. It was not observed any 

dominant pair of evaluations or accumulation of the answers. This difference of evaluations may have been 

caused by highly diversified of the research workers structure (Fig. 2). The most frequent evaluations were 

placed in parts 3 and 4 of the 3x3 matrix (Fig. 3b and 3c). This means that the research plate mill should: 3. 

Search for partners, and 4. Discover the incidental market. 

Box-and-whisker plot (Fig. 4) provides a number of information on the empirical distribution [9]. The location 

of the box in relation to the axis determines the location of the distribution, the vertical line that divides it into 

two parts defines a central tendency. While the length of the box representing the difference between the 

first and third quartile, shows characteristics of variation of 50 % of the central units. A vertical line 

representing the median divides the whole box into two parts, comprising 25 % of the observations. 

The "whiskers", which are outside of the box, are complementary to graph. When the whiskers are of equal 

length, it indicates the symmetry of the distribution. Longer right whisker in relation to the left one shows 

positive skewness (asymmetry). While longer left whisker in relation to the right one shows negative 

skewness (asymmetry). 

In Fig. 5 the results of the research with use of the described plot were presented. 

 
 

Fig. 4 Box-and-whisker plot -characteristic 

[own study] 

Fig. 5 Box-and-whisker plots for the research factors [own 

study] 

It was not observed any evaluation which did not suit to the rest. In case of the technological possibilities of 

the manufacturing process (TW) it can be seen the symmetry of the distribution. Both the box and whiskers 
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are symmetrical. However, in case of the product competition (TK) it was observed the asymmetry of the 

box, while both whiskers have the same length. The median is located closer to the first quartile, which 

means positive asymmetry in the central part of the distribution. 

Also a statistical analysis [9-10] of the two research factors was conducted (Fig. 6). The asymmetry of the 

distribution was also taken into the consideration in order to confirm the results presented with the box-and-

whisker plots. 

 

 

 

 

 

 

 

Fig. 6 Comparison:  

a) average, b) standard 

deviation, c) variance,  

d) coefficient of variation, 

 e) skewness, f) kurtosis for 

factors of 3x3 matrix [own 

study] 

Both factors the product competition (TK) and the technological possibilities of the manufacturing process 

(TW) received average evaluation from the employees more than 5 (Fig. 6a). For the second factor the 

average was slightly higher. Taking into account only received averages and putting them in the 3x3 matrix 

the research company would be in the middle: 9. Search for partners. However, in fact, in this part of the 

matrix there were only 3 pairs of evaluations. 

The product competition (TK) was characterised by higher variance and standard deviation (Fig. 6b and 6c). 

It can also be noted that in the case of this factor greater variation of the evaluations received from 

employees was observed (higher coefficient of variation in Fig. 6d). This factor was also characterised by 

stronger asymmetry of the distribution that the technological possibilities of the manufacturing process (TW) 

(Fig. 6e). However, it should be underlined that also in this case was not too strong positive asymmetry, 

what confirmed the analysis with use of the box-and-whisker plot (Fig. 5). Both factor had the distribution 

flatter than normal distribution (negative kurtosis in Fig. 6f). 

6. CONCLUSION 

At the end the authors decided to examine the impact of the respondents’ features on the evaluations of both 

factor. For this purpose correlation graphs were constructed (Fig. 7). 
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Fig. 7 Correlation graphs of evaluations for 3x3 matrix factors depending on the respondents feature: a) 

gender, b) education, c) age, d) job seniority, e) mobility, f) way of employment. α = 0.2 (internal lines), 

α = 0.1 (central lines), α = 0.05 (external lines) [own study] 

There was the correlation between the age of the employees, declared place of work and the evaluation of 

both factors. In case of both respondents features there was positive correlation for the technological 

possibilities of the manufacturing process (TW) with  = 0.2 and 0.1, while for the product competition (TK) 

negative only with  = 0.2. It means that the technological possibilities of the manufacturing process (TW) 

were higher evaluated by older people and people changing work more often. In case of the product 

competition (TK), opposite situation was observed. 

It was also observed negative correlation between job seniority and the product competition (TK) with  = 

0.2. For the technological possibilities of the manufacturing process (TW) there was positive correlation with 

way of employment with the same level of significance. 

In the other cases the correlation wasn’t significant, so there was no relation between respondents’ features 

and the evaluations given by asked workers. 
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Abstract 

In the paper results of the research on quality level of the chosen assortment of casts were presented and 

a method for evaluating the effectiveness of quality assurance systems operating in foundries was proposed. 

It has been shown that the obtained improvement in the quality of cast processes and products was 

a consequence of the implementation of the process management principles in the cast iron foundries and 

the use of FMEA method to improve product quality. For each stage of the production process the risk 

of nonconformities was determined, which contributed to increased knowledge of the on-going processes. 

The matrix taking into account the place of nonconformities occurrence, the cause and the risk degree of 

nonconformities in the process were shown. 

Keywords: quality, cast iron, FMEA method 

1. INTRODUCTION 

The process approach aims at effective management of the whole organization and proceeding processes. 

The result of one process leads to the occurrence of another one. In addition, they are connected due to the 

feedback, that is carrying out one process in an appropriate way influences the course of the other ones. 

Both systematic identification and rational management of all processes, and mutual interaction between 

them are indispensable in the company [1]. Process-oriented management in a foundry has an influence on 

reducing the incompatibilities, improving the control of technological processes quality and products, which 

are manufactured in these processes and finally, ensuring that all acquired resources are well-managed. A 

lot of factors impact the cast product quality. From the technical side, quality is keeping parameters which 

have been ordered from a foundry by a customer. The most common requirements set to the casts include: 

keeping dimensions and shape, hardness and smoothness of a surface, lack of visible or hidden 

incompatibilities, strength, leaktightness, an appropriate structure and a chemical constitution of a cast 

material [2]. Any departures from the established arrangements make up an incompatibility which has to be 

eliminated. In this paper, the problem of eliminating errors (which lead to manufacturing incompatible 

products) in production has been dealt with, with regard to a selected assortment of a company. 

Methodology can be adopted to all company products, contributing to reduction in an incompatibility level in 

general. 

2. IMPROVING QUALITY OF PRODUCTS 

For research purposes, a family of products in the object of study has been distinguished, for which 

a process-mapping has been made. Identification of incompatibilities allocated to a particular process in 

a given family of products has been prepared for the defined processes. As a result of the conducted 

studies, a juxtaposition of the incompatibilities allocated to a particular process has been obtained, Fig. 1. 

The quantification of the incompatibilities has been presented according to the Pareto principle [3÷5]. 

Conclusions drawn from Fig. 1 include confirming the occurrence of about 72 % of the incompatible products 

out of 100 % in the initial processes P1-P6. Therefore, the quality of an examined product is formed in basic 

foundry processes. The next step in the analysis is determining the risk of errors occurrence in the selected 

processes. 
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Fig. 1 The juxtaposition of the incompatibilities in the manufacture of a selected family of products with 

regard to particular production processes 

The FMEA method is responsible for estimating risk. It helps to make a decision which assists process 

optimization thanks to determining a risk coefficient of RPN error occurrence, which is calculated (1) as an 

SEV (priority number of error severity for a customer), OCC (priority number of error occurrence), DET 

(detection priority number, probability of error detection): 

RPN=OCC x DET x SEV    (1) 

RPN value, in the case of estimates of particular coefficients in the 1÷10 rate, can be included among RPN = 

1 values, which means minimal risk and RPN = 1000, which in turn means certainty of error occurrence 

[6÷8]. The results of the FMEA method use for risk estimation for P1-P6 processes are presented in Table 1. 

Successive processes presented in the FMEA analysis have been combined with the incompatibilities which 

occur most often, indicating potential causes and effects of errors. The indices estimated in a given way 

allow taking precautionary and correcting actions in adjusting to a specification of each process. P3, P4, P5 

turn out to be key areas in a covered case. The indices calculated in the FMEA method warrant creating 

a diagram which allows for risk comparison in particular stages of the production process in relation to the 

incompatibilities distinguished in Table 1. Processes which have directly the highest risk include respectively 

P5 - the process of casting the moulds with liquid metal, P4 - the process of assembling moulds and  

P3 - the process of making cores and particular parts of the moulds. The study conducted in this way helps 

to fulfil a basic assumption of improving quality in the process approach to managing iron foundry, which is 

the identification of the incompatibilities in a fixed area (time and place) of doing work. 

3. ANALYSIS OF CHANGES IN QUALITY LEVEL AFTER IMPLEMENTING THE PROCESS-

ORIENTED MANAGEMENT 

The analysis rests on verifying the effectiveness of the actions which are to improve quality resulting from 

accepting recommendations of the process approach (including correcting and preventive actions from the 

FMEA method). In the first stage of the study, the incompatibility level on a chosen production line, where an 

analysed family of products is manufactured, was analysed (the incompatibility level before conducting the 

actions for improving quality was measured - X1 trial) . The second stage of the study is quality 

measurement after implementing the recommendations which result from introducing the principles of the 

process-oriented management (X2 trial). According to the principles of the process-oriented management, 

the cast production process was divided into the following stages: P1-P12. A basis for the analysis of the 

quality of cast products was the assumption concerning essential change of percentage values of the 

Processes Description of the processes 

P1 mass preparation 

P2 heat 
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examined incompatibilities for the analysed family of products as a result of taken organizational actions 

which aim at improving the processes. 
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After obtaining the results in the first trial 1, correcting and preventive measures were implemented in the 

areas of the discussed processes. Those included trainings (mainly caster trainings), changes in production 

engineering (redesigning a gating system), a change of the supplier of the moulding materials used on a 

production line, modernization of the line where moulds and cores are produced, modification of the 

procedures of proceeding with the product before submitting it to heat treatment. The analysis was 

conducted on the basis of 48 measurements in successive batches (before and after introducing the 

changes). Two populations of the following decompositions N (m1, 1) i N (m2, 2) were obtained, null 

hypothesis concerning the equality of average values of the analysed populations H0: m1 = m2 was 

formulated, regarding the hypothesis that average value of m1 population is bigger than m2: H1:m1 > m2. The 

hypothesis H1 put in this way means actually a lower incompatibility level in the X1 trial. The use of the T (2) 

statistics for verifying the significance of the changes in the incompatibility level of cast products has been 

adopted. Since the population decompositions are unknown and the assumption n1 > 30 i n2 > 30 is fulfilled, 

T [6, 9] gauge can be used. T (2) gauge, assuming H0 authenticity, has a normal distribution - N (0,1). 
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    (2) 

The following results have been obtained for the analysed family of products: 

H0: m1 = m2, H1: m1 > m2, α=0.01, tα =2.35 

4.012816

48

1.789998

48

1.234516

4.77-5.78




et   

For P1-P5: 

te > tα performed (4.012816 > 2.350) H0 has to be rejected and H1 hypothesis about reducing the 

incompatibility level should be accepted 

5.37098091

48

3.898259

48

4.806036

7.29-9.53




et  

For P1-P12: 

te > tα performed (5.37098 > 2.350) H0 has to be rejected and H1 hypothesis about reducing the 

incompatibility level should be accepted. 

On the basis of the conducted study the effectiveness of the actions, focused on improving the quality and 

taken as a result of implementing the assumptions of the process-oriented management, has been 

ascertained. The incompatibility level in each of the X2 trials is lower, in a significant way, than the 

incompatibility level in the X1 trial. After applying the changes in the areas of mould-making, casting and 

knocking out the casts from the moulds, the incompatibility level has been reduced by about 25 % to the 

analysed family of products. 

Thus, verification of the effectiveness of the adopted solutions in improving the processes is possible. 
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4. EFFECTIVENESS OF QUALITY MANAGEMENT SYSTEM 

Among many evaluation methods, cost account methods and statistical methods are particularly effective. 

Due to the application of the statistical methods, evaluation time is shortened and we have a large reliability 

of the evaluation results. When populations are numerous and mass, the statistical methods are the only 

accepted methods of the effectiveness evaluation. The effectiveness evaluation methods of the quality 

system at the production stage include cost account methods, seven QC tools, random sample methods of 

examined measurable characteristics. The effectiveness evaluation methods can be applied on particular 

stages of the cast realization, starting from marketing, through the design stage, purchase and deliveries, 

production and finishing with exploitation, where methods of reliability studies can be applied. Two kinds of 

criteria were used in the study: an economic criterion, costs of the defects and the incompatibilities of the 

manufactured cast products (serial and individual) were used here and next, they were applied to the 

adopted acceptable level. On the basis of iron foundry data, the effectiveness of the quality system in the 

case of the costs of casts incompatibilities in the period of 6 years was evaluated. The data used for the 

analysis has been shown in Table 2. The analysis has been presented graphically in Fig. 2. 

Table 2 Iron foundry data 

Coast % 

 

YEAR 

Delivery 

faults 

Internal faults Guarantied 

repairs 

Faults 

cumulated 

costs 

Faults 

planned 

costs 

1 0.70 0.20 0.60 1.50 0.90 

2 0.65 0.17 0.65 1.47 0.80 

3 0.26 0.14 0.28 0.68 0.70 

4 0.20 0.08 0.20 0.48 0.60 

5 0.50 0.40 0.30 1.20 0.50 

6 0.20 0.02 0.20 0.42 0.40 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Characteristics of the 

effectiveness of the foundry 

quality system 

 

 

Cumulated costs of casts incompatibilities R(t) have been adopted as an assesment characteristics, and 

anticipated permissible incompatibilities costs P(t) have been adopted as an evaluation criterion. This 

analysis showed that up to the third year, the quality system of the iron foundry had been ineffective  
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R(t) - P(t)>0. Up to this point, the foundry has been implementing new procedures and new solutions in 

quality management. It contributed to reaching the state where the anticipated incompatibilities costs turned 

out to be higher than the actual ones R(t) - P(t)  0. From the third year, the value of the adopted price 

characteristics of the effectiveness of the quality system is contained in the effectiveness area. The 

effectiveness evaluation of the quality system is necessary and indispensable in order to improve companies 

and adjust them to a competitive struggle on the market. In the fifth year, big investments were made in the 

company. They were connected with extending the assortment from the produced casts to precision castings 

for motor industry. New machines and technologies were purchased, what in turn had a big influence on 

process destabilization in the initial stage. The cumulated incompatibility costs, mainly internal, and external 

in a smaller degree (warranty repairs), definitely exceeded the anticipated incompatibility costs. 

5. CONCLUSION 

As a result of the conducted research, it has been proved that basic assumption of improving quality in the 

process-oriented management of a foundry is the incompatibility identification in appointed time and place. 

Twelve processes have been distinguished in the research. The studies, which were to examine the 

incompatibility structure for a chosen family of products, were conducted for these processes. It is possible to 

divide realized operations into particular processes (P1-P12). Using classic instruments of the quality 

management (the FMEA method) and process-mapping techniques allows us to confirm that there are 

determined actions, which influence the process of forming the moulds quality, in particular defined 

processes (P1-P12). The process-oriented management based on particular actions, which are 

interconnected, leads to distinguishing control-operating factors, that is feedbacks, and operating them to 

obtain higher quality of work which is being done. 
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Zora JANČÍKOVÁ, Ondřej ZIMNÝ, Miroslav KVÍČALA, Pavel KOŠTIAL, Roman MECA 
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Abstract 

The subject of this paper is to design and verify the neural prediction model for predicting the occurrence of 

internal defects in rolled products from Cr-Mo steels. The detection of internal defects in rolled products is 

performed using ultrasound control of cooled rolled products; therefore this is very complicated and 

extensive problem. Model developed using artificial neural networks for prediction of defects in rolled 

products appears as an alternative to traditional methods, such as statistical regression analysis, and it is 

able to express more complex relations than these methods. The model predicts internal defects of rolled 

products on the base of the input parameters such as chemical composition and selected technological 

operations. 

Keywords: neural network, vanadium micro-alloying, internal defect, FEM 

1. INTRODUCTION 

The scope of the presented paper is dedicated to neural network application in solution of a very complex 

problem linked to internal defects that occur in hot rolled billets from vanadium micro-alloyed 25CrMo4 steel. 

Since internal defects are indicated during an ultrasonic inspection in already cooled billets, it can be said 

that the studied problem is very complex. The paper demonstrates that neural network application may be a 

very useful tool for solving complicated production problems such as the occurrence of cracks in hot rolled 

billets. The presented problem was solved using standard methods such as long term monitoring of industrial 

process data followed by regression analysis, wide scale of experiments were performed (micro-chemical 

analysis, fractography, metallography, extraction replicas analysis, micro-hardness and impact work 

determination) [1]. Those analyses were completed by FEM simulations of stress-strain behaviour of round 

continuously cast bloom with a diameter of 525 mm, during heating process in a soaking pit [2] and 

simulations of deformations during hot rolling [3]). The research has shown the dominant factors influencing 

the probability of internal defects initiation and propagation. All defects were detected in vanadium micro-

alloyed steel 25CrMo4, meanwhile vanadium free steel 42CrMo4 which was produced under the same 

manufacturing conditions was without any defect [1]. Approximately every third hot rolled billet had internal 

defect, so it was clear that vanadium micro-alloyed steel is very sensitive to proper manufacturing conditions. 

Internal defect initiation may be associated with suboptimal casting conditions setting, such as casting 

speed, steel superheat and metallurgical length. These suboptimal casting conditions are responsible for 

blooms straightening in critical temperature range (800 - 1000 °C) where VC, VN and V(C,N) precipitates 

[4],[5],[6]. Internal casting defects are essential but not the only condition causing cracks in hot rolled billets. 

The second essential condition is the proper heating strategy. If the continuously cast bloom is defect free 

wide scale of heating strategies are possible, however, if there already is an internal defect present in the 

bloom, heating must be chosen very carefully to reduce potential crack growth as much as possible [7]. 

Typical casting defect and crack in hot rolled round billet is shown in Fig. 1  

mailto:zora.jancikova@vsb.cz
mailto:pavel.kostial@vsb.cz
mailto:miroslav.kvicala@vsb.cz
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FEM simulations have shown that if the heating conditions in soaking pit are optimal, the casting defects may 

still be welded during hot-rolling [3]. Due to the fact that mechanical properties of micro-alloyed steels are 

generally optimized by heat treatment, a proper choice of heat treatment is needed as well. In our study, 

internal defect were detected immediately after hot rolling, which means the influence of different heat 

treatments is not included in our work [7]. Because neural network was already successfully used in 

prediction of mechanical properties of steels [8] and in prediction of forging ingots defects [9], it was decided 

to test the neural network ability in prediction of internal defects occurrence in hot rolled billets from 25CrMo4 

steel. 

2. ARTIFICIAL NEURAL NETWORKS 

Artificial neural networks (ANN) use distributed 

parallel processing of information during the 

execution of the calculations, which means that 

information recording, processing and transferring 

are carried out by means of the whole neural 

network, and then by means of particular memory 

places. The basis of a mathematical model of the 

neural network is a formal neuron which uses a 

simplified way to describe a function of a biological 

neuron by means of mathematic relations (Fig. 2). A 

neuron consists of a body, called the soma, which 

the input transmission channel in the form of 

dendrites leads to; the output is provided by axon 

[10]. The formal neuron has n of generally real 

inputs x1,…,xn corresponding to dendrites. All inputs 

are assessed by appropriate synaptic weights w1,…,wn which are generally real as well. Weights determine 

the transmission rate of the input signal. The weighed sum of the input values presents the inner potential of 

the neuron z [11]:  

 hxw
n

i

ii 
1

z           (1) 

The output (state) of the neuron y modelling the electric impulse of the axon is generally given by a non-

linear transfer function σ, the argument of which is the inner potential of z. 

  zy             (2) 

 

Fig. 1 Macro-etched transverse cut of continuously cast round bloom with a diameter of 525 mm - A; 
transverse cut of hot-rolled square billet 260x260 mm. 

 

 

Fig. 2 Mathematical model of neuron 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1934 

Learning is a basic and essential feature of neural networks. Knowledge is recorded especially through the 

strength of linkages between particular neurons. Linkages between neurons leading to a "correct answer" 

are strengthened and linkages leading to a "wrong answer" are weakened by means of a repeated exposure 

of the examples describing the problem area. These examples create the so-called training set [9]. For all 

types of predictions, neural networks are suitable to be used for their learning Back propagation algorithms. 

This algorithm is convenient for a multilayer feed forward network learning which is created by a minimum of 

three layers of neurons: input, output and at least one inner (hidden) layer. Between the two adjoining layers, 

there is always the so-called total connection of neurons, thus each neuron of the lower layer is connected to 

all neurons of the higher layer. Learning in the neural network is realized by setting the values of synaptic 

weights between neurons, biases or inclines of activation functions of neurons. The adaptation in Back 

propagation types of networks is also called „supervised learning“, when the neural network learns by 

comparing the actual and the required output and by setting the values of the synaptic weights so that the 

difference between the actual and the required output decreases [8]. 

3.  PREDICTION OF BILLET DEFECTS  

The subject of the neural network application was a data set formed by 150 continuously cast round blooms 

with a diameter of 525 mm made from low-alloyed steel 25CrMo4. Those blooms were hot rolled to square 

billets 260x260 mm after heating in a soaking pit. All billets were controlled by an ultrasonic device after 

cooling down to ambient temperature. In our paper, the billets were divided into the two groups (with and 

without internal defects). A concrete data file intended for the creation of artificial neural networks consisted 

of 153 cases. The total number of variables in this file was 21. 20 of the total number of variables were used 

as inputs into the artificial neural network. The input variables were: “Casting speed, Coefficient of heat 

transfer from the mould, Heating time, Heating temperature, Electromagnetic mixing in the mould, Tundish 

Exchange, Metallurgical length” and “Chemical composition”. There was only one output variable named 

“Ultrasound findings”. This variable contained the information whether there was a defect based on the 

combination of the input parameters or not. The expression of the number of cases showing a defect and the 

cases without any defect is presented using a histogram in Fig. 3. 

 

 

 

Fig. 3 Histogram output variables  
  

This analysis has shown that from the total number of 153 cases, 53 cases were indicated as cases with a 

defect, while 100 cases were without a defect. A scheme of the input and output variables related to the 

neural network is illustrated in Fig. 4. 
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Table 1 Summary of the results of particular neural network 

 

 

 

Ultrasound 

findings - YES 

Ultrasound 

findings - NO 

Ultrasound 

findings - ALL 

 

Altogether 53.00 100.00 153.00  

Correctly 41.00 91.00 132.00  

Incorrectly 12.00 9.00 21.00  

Correctly (%) 77.36 91.00 86.27  

Incorrectly (%) 22.64 9.00 13.73  

     

Statistica - Neural Networks software was selected for the actual creation of the neural networks. Before the 

neural networks were created, the data file had to be adjusted in such a way to be usable in the selected 

software (Statistica). The total amount of data was randomly divided into three parts, into training, testing 

and validation part. This division is necessary for correct determination and verification of prediction accuracy 

of the created artificial neural network. Several neural networks with different structure and parameters were 

created on the basis of the adjusted data. Data with the best learning results were selected for the prediction 

of defects. They included a three-layer perceptron network with 22-18-2 topology. This means that the input 

layer contained 22 neurons; the hidden layer 18 and the output layer 2 neurons. The results acquired thanks 

to this artificial neural network are presented in Table 1. 

 

 

 
Fig. 4 Structure of input and output data 
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Table 2 Sensitive analysis 
 

Variable 
Relative importance of 

the variables 
Sequence 

Mo 4.11 1 

S 3.67 2 

C 3.23 3 

Cr 3.16 4 

Metallurgical 

length 
2.91 5 

Casting speed 2.91 6 

Heating 

temperature 
2.81 7 

Cu 2.69 8 

Si 2.56 9 

Mn 2.41 10 

P 2.36 11 

V 2.28 12 

Heating time 2.26 13 

Ni 2.09 14 

Al 2.09 15 

 K* 2.08 16 

Ti 2.00 17 

N 1.62 18 

 M-EMS** 1.00 19 

Tundish 

exchange 
1.00 20 

 
*Coefficient of heat transfer from the mould 
**Electromagnetic mixing in the mould 

This table shows that from the total number of 53 

cases stating a mistake, 41 cases were predicted 

correctly and 12 cases were evaluated 

incorrectly. From one hundred cases stating 

there was no mistake, 91 cases were determined 

correctly and 9 incorrectly. From the total of 153 

cases, 132 cases were forecasted correctly, 

which is app. 86 per cent. This neural network 

also included a sensitivity analysis. This analysis 

expresses the impact of the individual input 

variables on the given system. The sensitivity 

analysis has shown that the variables with the 

most significant impact on the system were 

chemical elements of molybdenum, sulphur, 

carbon and chromium. On the other hand, the 

variables with no impact on the system 

(insignificant) that can be excluded from the 

system include Electromagnetic mixing in the 

mould (M - EMS) and Tundish Exchange. A 

complete overview of the sensitivity analysis with 

the importance of the individual variables is 

presented in Table 2. The parameters and the 

structure of the selected network were 

implemented in a program created in a 

development environment C++ in order to use 

the outcomes of the learnt artificial neural 

network. This program is independent on 

Statistica software, i.e. on the program in which 

the neural networks were created and tested. 

This program can be used to predict defects 

based on the input parameters entered to all the 

required variables (see Fig. 5). 

 

 

 

 

 

 

 
 

Fig. 5 Created application for predicting defects 
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4. CONCLUSION 

Although the studied problem of internal defect present in hot rolled billets from vanadium micro-alloyed steel 

25CrMo4 was fully explained using traditional material engineering procedures, neural network application 

was able to predict internal defect occurrence with 86 % probability. Neural network has a potential to be 

very fast, inexpensive and useful tool in solving a wide scale of similar metallurgical problems. Even if neural 

network does not find the exact reason of the studied problem, it is able to narrow the searching area. 
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Abstract 

Current development in the production and consumption of energy is not sustainable in the long term, since 

energy consumption is constantly increasing, along with the accompanying high emissions of pollutants and 

greenhouse gases, related to increased negative impacts on the environment and human health. Metallurgy 

of iron is inherently a branch with high energy and raw material demands. With increasing competition, 

declining demand from the main consumers of steel as a result of recession, rising prices of energy inputs 

and, last but not least, the environmental pressure, the producers of steel are forced to look for savings in 

energy consumption with ever increasing intensity. Potential energy savings and the utilization of secondary 

energy sources in the metallurgical industry are somewhat different than in other sectors, because the 

greatest energy savings often don´t come from direct efforts to reduce energy consumption, but rather from 

the realization of other objectives, such as improving production quality, or reducing production costs. The 

metallurgical sector has a large potential for savings, but their achievement should be focused more on the 

structure of metallurgical production, rather than on small savings in existing metallurgical plants. The article 

presents possible areas of innovation in Czech metallurgical plants, which could lead to a reduction in 

energy demands of metallurgical production. 

Keywords: innovation, Czech metallurgical plants, energy demands of metallurgical production 

1. INTRODUCTION 

Metallurgy is generally one of the most demanding industrial branches in terms of its material, energy and, 

above all, environmental characteristic. Innovations pointed to any reduction of material, energy and 

environmental demands in the manufacturing of metallurgical products can be seen as a permanent 

competitive advantage, but also as a necessary step to maintain metallurgical production in developed 

countries [1], [2]. 

The team of authors has designed an integrated structural model of the energy demand of the production of 

steel and the final steel products with the most important production stages, which is designed as a 

combination of the traditional structural model among the metallurgical branches and a detail of selected 

fields calculated on the basis of contributions of "energy demands" of selected calculation items. The basis of 

the designed model of calculation of metallurgical production energy demands is a modification of the 

traditional model of structural analysis of Leontief type. [3] Analytical comparison of the values of a complex 

energy demandingness of metallurgical production, obtained through the designed integrated structural 

model with the officially reported values of energy demandingness of metallurgical production presented in 

the current statistics, in various professional databases and publications, should lead to scientific dispute 

about possible areas of innovation in Czech metallurgical plants, which could lead to a reduction in energy 

demands of metallurgical production. 
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2. THE DEVELOPMENT OF CRUDE STEEL PRODUCTION IN THE WORLD AND THE 

DEVELOPMENT OF INPUT RAW MATERIAL PRICES IN STEEL INDUSTRY  

The development of crude steel production in the world is presented in Fig. 1.  

 

Fig. 1 The development of production of crude steel in the world [4] 

The anticipated development of production of steel and the final steel products can significantly affect the 

development of the prices of the input raw materials (especially iron ore, coking coal, scrap) during the 

predicted period of time, as shown in Fig. 2, which will influence the development of the prices of steel 

products, thereby having negative impact on the inhibition of demand from consumer branches at home 

market and abroad. 

 

Fig. 2 The development of prices of input raw materials in steel industry [4] 
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There have been significant changes of the prices of both steel products and the input metallurgical raw 

materials during the monitored period of time. The level of price of used raw materials is influenced not only 

by the situation in the market, where the impact of many often contradictory factors (either objective or 

speculative) is witnessed, but the prices of long-term contracts and the prices of spot trades are different as 

well, and the barter trades may be distorted too. The prices of input raw materials reflect the tax and customs 

policies of the individual countries, the cycles of boom and recession in metallurgical industry represent a 

very significant factor and, more recently, they are also influenced by the world financial crisis. Absolutely 

crucial differences in the prices of raw material occur in international transactions, where the exchange rates, 

parity deliveries according to INCOTERMS, political influences, dumping, etc. may play a vital role. That is 

why the importance of long-term provision of input raw materials is increasingly important. The rise in the 

prices of all raw materials increases the importance of the processing and the use of steel waste. [5] 

3. METALLURGY - BRANCH CHARACTERIZED BY ITS HIGH MATERIAL AND ENERGY 

CONSUMPTION  

Metallurgy is generally one of the most demanding industrial branches in terms of the material and energy 

needs. [4] The reduction of material and energy demands in the manufacturing of metallurgical products can 

be seen as a permanent competitive advantage, but also as a necessary step to maintain metallurgical 

production in developed countries. This type of management decision making is now possible without the the 

connection with modern computer equipment and managing equipment. [7] 

Within the frame of the research task, the team of authors has designed an integrated structural model of the 

energy demand of the production of steel and the final steel products with the most important production 

stages, which is designed as a combination of the traditional structural model among the metallurgical 

branches and a detail of selected fields calculated on the basis of contributions of "energy demands" of 

selected calculation items. The basis of the designed model of calculation of metallurgical production energy 

demands is a modification of the traditional model of structural analysis of Leontief type. Selected results of 

calculations of the energy demands of the production of steel and pig iron from direct energy media inputs 

and the complex energy demands of selected metallurgical disciplines, including the contributions of the 

energy demands of material inputs and services, are presented in Table 1. 

Table 1 Selected results of calculations of the energy demands of the production of steel and pig iron from 

direct energy media inputs and the complex energy demands of selected metallurgical disciplines, 

including the contributions of the energy demands of material inputs and services 

GJ/t  Direct consumption Complex consumption 

Pig Fe 16.5603 21.5605 

Steel converters 2.7198 21.0685 

Oxyvit steel 2.8469 20.5527 

Electric furnace steel 17153 8.6376 124.4879 

Electric furnace steel St 52-3 8.5076 17.1526 

According to the method determining the energy demand only from the direct inputs of energy media (PS), 

the least energy demanding production of steel is in converters (about 2.7 GJ/t), and the most demanding in 

EOP (about 8.5 GJ/t), practically regardless of the brand of produced steel. But if the calculations of the ED 

include not only the ED of the direct inputs, but also the ED of the previous metallurgical stages and the ED 
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of the purchased materials and performances, then the resulting value of ED (complex energy demand) is 

completely different - ED of converter steel is about 21.07 GJ/t , ED of standard electric steel (EOP steel St 

52-3) is 17.2 GJ/t and the ED of high alloy special steel (EOP steel 17 153) produced from ferroalloys 

(without the use of sorted alloyed scrap) is 124.5 GJ/t. 

4. INNOVATION OF PRODUCTION BASIS 

Essential direction: diversion from ore approach (blast furnaces, converters) towards scrap smelting (electric 

arc furnaces). 

We consider it extremely important to address the possible directions of innovation, not only in terms of 

optimization of production but also with regard to their prejudice the other activities such as business and 

trade marketing. [8] The values of complex energy demands presented in the table show that the production 

of conventional electric steel from steel scrap in EOP (EOP steel St 52-3) is energetically more profitable 

than the production of steel in oxygen converters. The amount of complex energy demands of steel in 

oxygen converters is significantly influenced by the energy demands of the production of molten iron, which 

is produced from ores often imported from huge distances (e.g. from South America, Australia), and in case 

of railway transport from the former CIS countries, there is additional necessity to reload ore from broad 

gauge. Taking into account the average metal content of iron ores, we must conclude that at least one third 

of the transport capacity is carrying feight. The presented results can thus be used to argue against the 

inappropriate use of oxygen steelmaking technologies in countries that must import ores from great 

distances, and that are not directly connected to shipping transport. 

The presented results also show that ferroalloys and pig iron are one of the most energy demanding 

components in metallurgical production. In the production of electric alloy steel, (EOP steel 17153), the 

alloying elements can be supplied either in the form of sorted alloy waste or in the form of ferroalloys, and 

the values in the table clearly show how the inclusion of the ED of the production of ferroalloys increases the 

complex ED of steel production. The sorting and use of alloy waste instead of ferroalloy charge can thus 

bring great energy savings. 

The above presented comparison is closely related to the issue of steel scrap, which is heavily 

underestimated in the CR. The CR supplies the world with waste "- in 2010 and in 2011, the export of these 

"waste commodities" reached CZK 40 billion. In many positions, the export of "waste materials" is easier 

than applying products with high added value. The Metallurgy of Iron article also includes a statement saying 

that "The fact is that the use of scrap saves 54 % of production costs and that is why the importance of scrap 

and its utilization and upgrading has been increasing." 200 kg of scrap per tonne of steel is used in the EU, 

in China, it is 140 kg, but with a short-time prospect of 230 kg - the importance of scrap will grow and the 

balance of export, import, and its consumption will be significant within 4-5 years. This is the reason why the 

importance of the legislative and commercial character will increase as well and, together with motivation, 

they will focus the steel industry (technologies, innovation) towards the use and upgrading of scrap. 

As already indicated in the calculated values of complex energy demands, Table 1 shows that the 

production of conventional electric steel from steel waste in EOP is the most efficient way to steel production 

in terms of energy, and that is why the issue of steel scrap and its utilization should be given special 

attention. Since the Czech Republic is a landlocked country with negligible share of water transport and, with 

an exception of coal and limestone, it has virtually no other home sources of charging raw materials for the 

production of pig iron, a radical reduction of production of steel using the ore method to the necessary 

technological minimum should be a fundamental goal, going hand in hand with full use of the single metal 

charge - scrap. 
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5. ENVIRONMENTAL INNOVATIONS 

The conversion to production in EOP brings significant environmental effects, because the most 

environmentally demanding stages - agglomeration and coking plant - are excluded. 

The production of steel and metallurgical products is very energetically and especially environmentally 

demanding. This statement clearly defines the risk of maintaining the competitive power in the face of high 

investment demands of ecological actions. The current trend in environmental policy is the reduction of 

greenhouse gas emissions. There is a shift from the administrative instruments (commands, restrictions, 

limits, etc.) towards the economic instruments (emission trading, environmental taxes). 

Until the end of 2012, emission permits were allocated to each state in sufficient volume to cover the total 

CO2 emissions for free. There is a major change being prepared for the period of 2013 - 2020. In this period, 

only part of the emission permits needed to cover the emissions in steel production (according to relevant 

indicators), which is regarded as a sector with substantial production of CO2, will be allocated to the 

individual states free of charge. Free permits can actually be given only to smelting plants that have either a 

blast furnace or an electric steelwork. The production of steel in electric steelworks and the diversion from 

the production of steel in oxygen converters is clearly preferred from the environmental point of view as well. 

The fact, showing this is not an insignificant problem, is also demonstrated by the situation in Evraz Vítkovice 

Steel company, which has not been excluded from the emissions trading (they have neither a blast furnace 

nor an electric steelwork). The company will either has to terminate the production of steel or it will invest 

CZK 2.8 billion into a new electric steelwork. Under current circumstances, it would have to pay an annual 

amount of CZK 75 million for the permits; while the price of permits is likely to continue to increase. 

6. CONCLUSION 

Metallurgical enterprises in the Czech Republic are becoming more and more aware of the need to innovate 

their competitive power and they are permanently involved in the process through the development of new 

properties of steel and the search for innovative ways of utilisation of steel. There are various impulses - from 

increasing requirements for quality of products, through efforts to reach new potential customers, to 

ecological aspects such as the primary effort to reduce CO2 emissions of their own production of steel. There 

is a great potential for innovation in the metallurgical sector and, in our opinion, it is extremely important to 

take into account the possible directions of innovations, not only in terms of the optimization of production, 

but also with regard to their influence on other company activities, such as trade and marketing. Efficient 

innovations consist in intensive cooperation with end customers, in the knowledge of market development 

predication, in the efficiency of available information usage, so called absolute innovations that bring the 

long-term competitive advantage. The objective is to make use of spheres where there is a developmental 

and innovative potential that can be used in new products and technologies. [9] 
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Abstract  

The paper deals with economic possibilities of reducibility tests carried out in Laboratory of high temperature 

properties testing of raw materials in Centre ENET at  VSB - Technical University of Ostrava. The reducibility 

tests are aimed at testing of iron ore, sinter, pellets and other mixtures of raw materials for metallurgical 

industry. The reducibility might be an indicator in task of specific coke consumption. The paper discusses 

economic interpretation of reducibility tests in the field of decrease in specific coke consumption.  

Keywords: reducibility, specific coke consumption, iron-making 

1. INTRODUCTION  

There are several possibilities how to decrease in energy demands of iron-making technology such as 

pulverized coal injection into blast furnace or higher temperatures of wind heaters. These technologies relate 

to high costs. The injection of alternative fuels such as pulverized coal, oil, waste gases requires special 

installation for blast furnace tuyeres, which is demand on high investments [1]. The operation of wind heaters 

under higher temperatures is financial demanding, too [2, 3]. The study of blast furnace feedstock reducibility 

seems to be the most economical way how to optimize the blast furnace process for decrease in fuel coke 

consumption. It does not relate to high investments into constructions. It works just with the operation data 

and iron ore characteristics serving for the interpretation of savings in specific coke consumption. 

The study of reducibility has had a long tradition. The first laboratory of blast furnace feedstock properties in 

the Czech Republic was founded in the department of metallurgical research in iron works at Vitkovice. Ore 

and agglomerate‘s reducibility as well as coke reactivity were tested. The laboratory of blast furnace raw 

materials as blast furnace research were later displaced by a newly - established Research Institution of 

ferrous metallurgy in Dobra. 

 In the 1970s, the theoretical research in mathematic modelling of direct and indirect reduction begun. A 

mathematical model of indirect reduction describing oxygen circulation between ore feedstock and reductive 

gas along the isothermal zone of blast furnace shaft was designed. The model included a version for the 

shaft and for firm bed in the furnace retort for reducibility tests. The variant for the shaft related to numerical 

solution of differential equations, while differential equations for reducibility tests were written in formulas. 

The established procedure for calculation enabled to predict coke consumption for pig iron production 

according to laboratory tests of blast furnace feedstock without advanced definitions of top gas composition. 

[4] 

1.1 Laboratory for testing of high temperature properties of raw materials 

Nowadays, the study of reducibility is carried on with Laboratory for research in high temperature properties 

of materials (LVVVS) that was found within Centre ENET, one of research workplaces of VSB-Technical 

University of Ostrava specialized in research of energy units for alternative energy sources. The new 

laboratory is equipped by RF 33/TV/RDI provided by DASFOS v.o.s. Ostrava (Fig. 1). The device for 

reducibility determination measures the depletion in weight of iron ore sample in the laboratory furnace 

heated for the temperature of isothermal zone in blast furnace shaft at 950 °C. The depletion generally is 

caused by oxygen elimination from ferrous oxides by reductive gas.  The depletion of sample weight is 
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continuously recorded until the grade of reduction is 65 %. The reduction velocity is counted according to the 

relation O2/Fe - 0.9. The reduction grade is counted according to (1) [5]: 

 (1) 

mo weight of sample (g) 

m1 weight of sample just before the test (g) 

mt weight of sample after the reduction (g) 

w1 content of FeO (%) 

w2 content of Fe (%) 

The device determines essential technological 

properties of iron ore lumps, pellets and sinter which is 

used as blast furnace feedstock. It is especially aimed 

at the determination of reducibility and disintegration. 

The device simulates the process of non-direct 

reduction in blast furnace. The materials properties are 

possible to determine by standards ISO such as ISO 

4695:2007, ISO 7215:2007, ISO 4696-1:2007, 4696-

2:2007. The non-standard tests differing in gases 

amount, grain size of samples or sample weight are 

also available to carry out. The simulations take part in 

the environment of technological gases such as - CO, 

CO2, H2 and N2. In Fig. 2 is metallurgical material after 

the reduction processed by ISO 4695:2007.  

 

Fig. 2 Metallurgical pellets after reduction by ISO 4695:2007 

2. MODELS FOR BLAST FURNACE OPTIMIZATION 

The measured depletion in oxygen of iron ore during the reduction process is not the only one result of the 

experiments. The experimental values are processed in an extensive system of mathematical models which 

interprets the values according the specific blast furnace conditions and predict specific coke consumption 

(practically achievable minimal consumption) and other important parameters of technological process. 

The result of evaluation by mentioned models is a diagram in Fig. 3 which clearly presents the position of 

labor point to the limits for keeping all the functions of fuel (coke) in blast furnace. The diagram sums up 

Fig. 1 RF 33/TV/RDI in LVVVS 
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calculations and results of the whole system of models. According to the diagram, it is possible to carry out 

technological analysis of efficiency of technological measurements for decrease in fuel demands of iron-

making. Generally, the analytical and simulating system presents mathematical models which enable 

objective evaluation of heat and reductive blast furnaces operation and at the same time, determine reserves 

for further decrease in specific coke consumption. Beside evaluating and analytical purposes, they are 

possible to use for various prognostic calculation providing essential quantitative orientation in supposed 

changes of iron-making technology [6]. 

 

Fig. 3 Relation between reduction degree and carbon coke consumption 

3.1 Discussion 

As it results from the diagram, the correct relation between direct and non-direct reduction relates to the 

decrease in coke consumption. The calculations show quite significant savings of coke. In the metallurgical 

company, the decrease in reduction degree from 0.35 to 0.28 results in savings of coke. The researched 

blast furnace operation after the optimization of reductive processes reaches savings about 30 kg of carbon, 

which is about 35 kg of coke. For todays’ prices of coke it means about 213 CZK per ton of pig iron. As in the 

metallurgical company, the annual iron production per one blast furnace is about 1 million tons, the coke 

savings reach 200 million CZK per year. It is a significant amount which grows with amount of blast furnaces 

in the company.  

4. CONCLUSION 

The study of iron-making materials reducibility presents a promising way how to effect on blast furnace 

technology. The knowledge about the blast furnace feedstock reducibility is very important for optimization of 

blast furnace operation. The reducibility as it is one of the basic properties of iron ore and other metallurgical 

materials, shows possible relation between reductive processes in the blast furnace shaft. As it has been 

presented in example of a Czech metallurgical company, the optimized relation relates to significant savings 

in coke consumption. The reducibility of blast furnace feedstock is possible to use for prediction of coke 

properties. 
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Abstract 

The thesis analyzes the current status of production planning in company Pars Komponenty s.r.o., proposed 

a new method of planning based on application of the principle of MRP. It is a discrete type of production 

with high complexity of BOM and MTO (Make-to-Order) and ETO (Engineering-to-Order) from the point of 

decoupling point. The original planning system plans according to production capacity backward without 

collisions, but for a given type of production does not work in practice. Planning system was analyzed and 

the main problems were identified, which were high work in progress and material stocks. This article target 

is to propose a new planining system based on the inclusion of time reserves of purchased material items. 

New planning system was tested in practise with benefit in reducing both the material inventory and work in 

progress.  

Keywords: the MRP system, production planning, reserve time, stocks 

1. INTRODUCTION 

This article describes the design and implementation of a more efficient method of production planning in the 

company Pars Komponenty s.r.o. based on the application of principles of MRP systems. Pars Komponenty 

s.r.o. develops and manufactures components for mass passenger transportation vehicles, in particular, 

railcars, underground vehicles, trams, trolleybuses and buses.It is a discrete type of production and MTO 

(Make-to-Order) and ETO (Engineering-to-Order) from the point of decoupling point.  

This type of production is specific for: 

 High complexity of BOM (even 20 levels) 

 High number of operations that enter into the planning process 

 Extensive modifications of existing products in accordance with customer requests  

 A large number of customer changes during production (especially for prototypes) 

 Material utilization mainly in accordance with customer specifications and requirements and therefore 

longer delivery times  

 Limited outsourcing at other suppliers, as the customer certifications are needed  

 The occurrence of floating bottlenecks, due to irregularity of production series composition 

2. MRP SYSTEMS 

MRP is a concept developed in the early 1960s in the USA. It can be said that it was focused more on 

inventory control than on the planning and management of the production process. Its basis is to replace the 

until then widely used inventory management system, which is according to the standards more effective and 

is based on the directed order of material according to the actual needs of production where the information 

is processed by the means of computer technology. The starting point for the calculation of the material 

requirement plan (MRP analysis) is the gross production schedule. It is built on the basis of purchase orders, 

or prediction of demand for products. [1, 3] 

mailto:klega@parskomponenty.cz
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The rapid development of MRP began with the transformation of the production plan which was designated 

by the number of final products manufactured according to the specific requirements of individual 

workplaces. This MRP itemizes constantly, transforms basic information, for example the need for the 

necessary capacity, materials, people, raw materials for the manufacture of parts and assemblies. With the 

ongoing time of production it determines which department, when and how much of what passes. [3, 4] The 

master production schedule is one of three basic inputs to the MRP. It specifies which items are produced 

and when they should be completed and in which quantities. Requirements of the master production 

schedule are generated from the following sources: customer requirements, demand prediction and storage 

requirements to reduce or increase reserves. They affect seasonal variations or external needs [6, 8]. The 

master production schedule is usually prepared in weekly periods for several months (a quarter). The length 

of time horizon is determined by the length of the continuous time of product production. [2] 

This innovation of the original MRP system is called MRP II (Manufacturing Resources Planning). The main 

benefit of MRP II has been connection of running production systems with the main areas of management of 

the entire enterprise. Material Requirements Planning remained the focus of MRP II. The system always 

starts with the aggregating of all contracts, the sum of total demand. Managers of production, marketing and 

financial management then jointly draft the main plan of the production. Responsibility for developing the 

draft plan of the main production is not left to production managers, since detailed knowledge of this 

document is a prerequisite for the successful work of the company as a whole. [3, 4] 

2.1. Important Aspects of the Use of MRP II 

Top-down planning 

There are two basic approaches to processing production plans using the MRP: 

 Regenerative approach. This approach is based on the master production schedule, which breaks 

down by BOM (Bill of Materials) of the product. There are generated priorities. There are completely 

recounted net requirements from planned orders. To make everything clear and on time, everything is 

processed in a regenerative manner (usually weekly or monthly). 

 The net change. In this approach, each network changes orders or material requirements, which is 

immediately reflected into the computer system. Whenever an unplanned event occurs (unscheduled 

contract, a change of BOM, increased consuption of resources etc.), there is initiated partial 

conversion of needs (articles) affected by the change. [3, 4] 

Regenerative systems work with master production schedules as a fixed document, which is issued regularly 

(monthly) in the new version. While the access of network change considers the master production schedule 

as the subject of the changes which have occurred since the last processing. In most of our businesses the 

slow approach of regenerative-approval approach (access of straitjacket) is still used. The philosophy of 

network change brings the necessary advantage of quick reactions. A badly designed and used system of 

network changes leads to unplanned events. [3, 4, 7] 

Time Display  

In the terms of the flow of time, it is possible to distinguish two types of MRP systems: 

 The system working with the time period (Busketed) which performs in each period (a day, a week) 

and accumulation of quantitative information is included in this period. Each period represents a data 

cell, which generates a predetermined number of the planning horizon. The planning horizon means 

the time interval from today to the specified date in the future. In this framework there are generated 

material plans. The planning horizon in the world is at least equal to the longest lead time + production 

time for obtaining material and raw material. If less, there can be problems associated with time for 
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arrangement of material. In the case of materials with an extremely long order period with 

unnecessary extension of the planning horizon, the orders must be based on the techniques of 

statistical inventory process (safety stock, the use of safe consumption per capacita etc.). A too long 

planning horizon in the master production schedule again brings a risk of unrealistic prediction of 

requirements. 

 System which works with no time period (Bucketless): Each data element (request, order) contains 

timing information. There is no need to accumulate information over time periods. Approach allows 

daily monitoring of planned and actual requirements. It is flexible but places greater demands on 

computer technology. They are redeemed by better use of advance time and overhangs, thus more 

accurate information for decision making. [3, 4] 

Rescheduling bottom-up 

MRP like any current planning system must be able to react quickly to changes of plans. This is the way of 

management “top” system plans. However, in cases of various deviations and unexpected events (failure in 

production, delivery delay etc.) there is a need to respond. So firstly to find out which articles are affected by 

this event. [3, 4] 

3. DESCRIPTION OF THE ORIGINAL PRODUCTION PLANNING SYSTEM 

The input to the production plan is a business plan compiled by the sales department based on the 

customers´orders. After deduction of the time required for the final inspection and shipping, from the 

originated selling terms, the production plan can be crude with the utmost production deadlines. The 

standard planning process in the information system works on the principle of MRP II. The system plans 

according to production capacity forward or backward, either with or without collisions. For a given type of 

production with the need to adhere to established sales terms only backward planning can be used, but 

neither option (with collisions / without collisions) works in practice.  

When planning without a collision an unrealistic plan occurs, because the system does not allow capacity 

constraints. It only works with net technological times and technological delays. Therefore production is 

planned under ideal conditions for unlimited capacity, which cannot be achieved in real conditions. The use 

of such a production plan for the management and purchase of inventory would lead to the late delivery of 

material and to the collapse of production.  

While planning with collisions very different problems occurred. The system could not find the space capacity 

of the generating plant. In this case, the system created a production schedule too far in advance, by as 

many as several weeks or even into the past. The standard planning system did not address the possibility 

of an operative solution of the narrow point through coceptional innings. The use of such a plan has not been 

possible for bot the control of production and the basis for the purchase of materials. There would be a 

disproportionately high amount of inventories as well as work in progress.  

The entire process of planning and management in production was thus based on the experiences of 

workers (especially dispatchers of production) which determined operationally what and when would be 

released to manufacturing. Based on the experience there the following table was prepared for the 

purchasing department and production that defined deadlines for delivery of materials to production (see 

Table 1). Extra dates have been divided according to the production lines and fields of materials. 

Delivery dates include net production time and time reserves for cases of technical downtime or lack of 

human capacity, protection against material shortages caused by late delivery by the contractor, contingency 

reserve (faults) etc. The Purchasing Department created orders according to these terms by complex 

calculation from the terms of production, which featured a large amount of work involved and significantly 
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increased staff requirements. In manufacturing, the production was initiated according to the delivery of 

metallurgical materials and then it was managed by the dispatcher of production. 

Table 1 Deadlines for delivery of materials to production 

 Group of materials Doors Windows Platforms 
1. Al profiles 3 months 2months  
2. Metallurgical 3 months  3 months 
3. Locks, Swing-Plug doors 2 weeks   
4. Step Boards 2 weeks   
5. Fasteners 3 weeks 3 weeks 3 weeks 
6. Blocks of electronics 2 weeks  2 weeks 
7. Buttons, switches 3 weeks  2 weeks 
8. Wire 2 weeks  2 weeks 
9. Tractions 2 weeks  3 weeks 
10. Brakes   3 weeks 
11. Motors   3 weeks 
12. Forging, casting 3 months   
13. Bearings 4 weeks  5 weeks 
14. Lines 4 weeks   
15. Pneumatic components 3 weeks  3 weeks 
16. Rubber 3 weeks 3 weeks  
17. Glass 3 weeks 3 weeks  
18. SOD 97, 98, SPD10, JKP01 2 weeks 2 weeks 2 weeks 
19. Horns 2 weeks 2 weeks 2 weeks 
20. Pneumatic components - EVV panel 2 weeks 2 weeks 2 weeks 
21. Plastic 2 weeks 2 weeks 2 weeks 
22. Sensors 2 weeks 2 weeks 2 weeks 

4. SUMMARY OF PROBLEMS OF THE ORIGINAL METHOD OF PRODUCTION PLANNING 

The main problems were: 

a) High material stocks because of the term protection, both of the purchase and manufacture 

b) Line of materials did not always enter into the production process at the same stages, so in the terms 

of production the delivery of the material was inaccurate, eg. Metallurgical material usually enters 2-3 

months before the date of manufacture. In the production of spare parts there are material 

requirements of production to production of the complete product entirely different 

c) The management of production and purchase entirely outside the information system 

d) High work in progress 

e) High labor intensity of inventory management 

f) Inability to replan the production plan for the reason of outdated accounting data in is 

g) The total lack of support of the information system  

5. PROPOSAL FOR A NEW METHOD OF PRODUCTION PLANNING 

The newly proposed method of planning is based on the principle of MRP of reverse planning with collisions. 

Plans are according to the technological times and sequences of processing at each stage of production, but 

with the inclusion of time reserves of purchased material items. These time reserves should extend the 

production process for real continuous production time to produce a production plan corresponding with the 

real requirements for purchased material and featured purchase plan without the necessity to recalculate 

delivery times. This established plan permits the use of automatic ordering of materials, thus greatly reducing 

the labor intensity of inventory management in the purchasing department.  

The principle of the creation of the plan is shown in a simplified manufacturing product tree consisting of 

three preparations (see Fig. 1), where TV is a production deadline. For the manufacture of products, 
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respectively semi-finished products, there serve bills of materials for the production schedule. These 

dispatches are reciprocally connected in the relation of superior-subordinate document. 

 

Fig. 1 Simplified scheme of technological continuity and creation production plan 

Time reserve in one operation is not added, but the reserve operation is given only by the highest value of 

material assigned to the operation.  

6. SETTING UP AND VERFICATION OF A NEW WAY OF PLANNING 

To set the time for planning of time reserves we have chosen eight representatives of key product lines, 

where we checked in detail a new plan based on the experience of production dispatchers. We gradually put 

final touches to time reserves for individual fields of materials according to the Table of Extra Materials (see 

Table 1), which had to be extended to more subsets. This allowed a more accurate assignment of time 

reserves for individual materials and the resulting production schedule matched real possibilities of 

production capacity. The result was the gradual debugging of time reserves for individual fields of materials.  

Verification of the new production planning was performed after four months of operation, where we 

investigated the differences between the planned delivery dates of materials to production and their actual 

consumption. For each field of material there was statistically processed the deviation from plan to reality in 
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the form of average and standard deviation. After evaluation of all the data, it was discovered that only one 

third of the material was removed as planned and the remaining two thirds was taken earlier or later than 

scheduled. The material was taken up mainly after the schedule time, which indicates a large permanent 

protection of the production dispatchers and purchasing departments.  

7. BENEFITS OF NEWLY PROPOSED PROCESS FOR PLANNING 

The main benefit of the new proposed method of planning should be to reduce both the material inventory 

and work in progress. This is due to two factors. The first is the reduction of time reserves of the original 

materials to delivery deadlines (see Table 1). The second factor is that the purchasing department will be 

based on the actual bill of material of the product, not estimated times (see Table 1) and it is going to order 

material as it should gradually enter into production, even though it will be the same material. Another benefit 

is the simplification of the workforce of the purchasing department, because no longer do they have to 

calculate the amount and timing of delivery of the material in a complicated way, as was the case with the 

original system. The staff of the purchase department also have the possibility of using IS standard function 

for automatic order of materials according to the requirements of the plan schedules. The third benefit is the 

ability to track the course of the production (compared to reality and plan), which enables quick and flexible 

response to emerging issues. 

8. CONCLUSION 

A new production planning system has been introduced to the company, which is based on the principles of 

MRP systems. This system is based on backward planning with collisions. It is planned according to 

technological continuity and processing times at each stage of production and the inclusion of time reserves 

of purchased material items. The material was divided into 49 fields and into these fields have been 

calculated and allocated reserves. There reserves have been agreed by dispatchers of production to avoid 

jeopardizing the fulfillment of contractual terms. The system has been operating for four months and after 

that was verified by comparison of the planned dates for delivery of the material in terms of production and 

their actual consumption. For each group there was statistically processed material deviation from the plan in 

the form of mean and standard deviation. Time reserves are analyzed periodically to verify and refine the 

values. 
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Abstract 

Wastes, generated in metallurgical processes, due to its specific properties, are excellent recycled materials. 

Groups of waste generated in full - cycled production steel-mill and methods of their utilization both inside 

and outside steel-mill are presented. The consequences of risks resulting from the storage of waste 

materials causing negative effects on human life are also presented. 

Keywords: recycling, metallurgical waste, metallurgical process 

1. INTRODUCTION 

The main task of the Ironwork is to produce iron steel of a certain quality and produce certain steel products. 

During the conducted technological process other products are formed, which are reated as discarded. In the 

70s and 80s of the last century in Poland, most of the waste was deposited in landfills, positing an ecological 

risk. Counting to these dangers it is important to develop devices and technologies which let for waste 

utilization [1-5]. For this purpose, both in the global and national blast-furnace practise there are observed 

trends for re-use cheaper, "waste" fuels and materials as substitutes of coke and iron-bearing materials, and 

the use of devices to use of the chemical energy of blast furnace gas. This search is consistent with the 

principles of environmental burden according to the European Union Council Directive 96/61/EC known 

colloquially as the IPPC Directive with techniques which prevent or reduce pollution. The description of these 

techniques is contained in the reference documents (BREF‘s) indicating Best Available Techniques (BAT) 

such as for blast furnaces, and developed by the Technical Working Group at the European IPPC Bureau [1-

5]. 

According to mentioned Directive: “Whereas emission limit values, parameters or equivalent technical 

measures should be based on the best available techniques, without prescribing the use of one specific 

technique or technology and taking into consideration the technical characteristics of the installation 

concerned, its geographical location and local environmental conditions; whereas in all cases the 

authorization conditions will lay down provisions on minimizing long-distance or transfrontier pollution and 

ensure a high level of protection for the environment as a whole” [6]. 

In the ironwork with a full production cycle, which begins production from the department of an ore 

preparation, of a pig iron and then the further processing in steel making, a variety of waste is more than in 

the ironwork which re-melting scrap in electric furnaces. The ironwork producing products with a "foreign" 

steel charge this diversity is even lower [7-9]. 

By-products from blast furnace are: 

 blast-furnace slag, 

 blast-furnace gas, 

 blast-furnace sludge, 

 blast-furnace dust. 

mailto:akonstan@wip.pcz.pl
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2. WASTE MATERIALS IN BLAST-FURNACE DEPARTMENT FROM SELECTED METALLURGICAL 

PLANT 

On the basis of received data from one of Polish ironworks, quantity if produced slag and blast-furnace gas 

from two different blast furnaces with similar capacity in three consecutive years was analysed (denoted as 

1, 2, 3). 

In Table 1 quantity of produced blast-furnace iron pig in the research period from two blast furnaces was 

presented (denoted as A and B). 

Table 1 Quantity of pig iron made in consecutive three years 

Furnace 

no. 

Year 

1 2 3 

Quantity of pig iron made, Mg 

A 1 908 500 1 957 700 1 125 908 

B 2 068 300 2 280 600 1 811 700 

Σ 3 976 800 4 238 300 2 937 608 

On the basis of the analysis presented in Table 1 it was claimed that the production of the iron pig in 1 and 2 

years was rather stable, while in 3 year dropped by about 30 %. This was due to a fall in demand for this 

product in the country. 

In Tables 2 and 3 quantity of produced blast-furnace slag and blast-furnace gas from furnaces A and B in 

the consecutive years was presented. 

Table 2 Quantity of slag made in consecutive three years from selected metallurgical plant 

Furnace 

no. 

Year 

1 2 3 

Quantity of technological slag made, Mg 

A 634 968 525 823 318 506 

B 676 849 615 836 474 835 

Σ 1 311 817 1 141 659 793 341 

Table 3 Quantity of blast-furnace gas made in consecutive three years from selected metallurgical plant 

Furnace 

no. 

Year 

1 2 3 

Quantity of blast-furnace gas made, 103 m3 

A 3 031 603 2 813 900 1 760 904 

B 2 510 229 2 654 294 1 849 099 

Σ 5 571 832 5 439 194 3 610 003 

Comparing the quantity of technological slag in the analyzed years, it was found that it consisted of 96 % of 

granulated slag, and 4 % of the lump slag. The granulated slag was sold to the cement plant where it was 

used in the production of cement. The lump slag was treated as own scrap and used during smelting of steel 

in converters. The produced blast-furnace gas has been fully utilized on the ironwork area: 65 % of it was 

used to heat the blast furnaces stoves, 35 % in other industrial processes. 

In the blast furnace process there were recovered dust and sludge during the gas extraction (Tables 4 and 

5). The collected dust came from the charge materials extraction (72 - 86 %) and taken from the statical 

purifier picked as the initial smelter gases extraction (14 - 25 %). In addition, the final (water) treatment of 

waste gases, obtaining furnace sludge, was performed. 
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Table 4 Dust received from the Steel Mill's Burdening Shop and from statical purifier in consecutive three 

years from selected metallurgical plant 

Furnace 

no. 

Year 

1 2 3 

Quantity of dust received from the Steel Mill's 

Burdening Shop, Mg 

A 14 401 17 943 9 198 

B 17 760 21 264 15 096 

Quantity of dust received from statical purifier, Mg 

A 6 631 5 769 2 250 

B 5 769 5 389 1 600 

Σ 44 561 50 365 28 144 

Table 5 Sludge received from wet gas cleaning in consecutive three years from A and B furnaces selected 

metallurgical plant 

Furnace 

no. 

Year 

1 2 3 

Quantity of sludge, Mg 

A 9 679 9 278 5 940 

B 10 440 10 640 9 224 

Σ 20 119 19 918 15 164 

Average chemical composition of the dust and sludge produced in the ironwork during the research period 

was presented in Table 6. 

Table 6 Average chemical composition of the dust and sludge from blast furnace technology (% mas.) 

 Fe FeO SiO2 CaO MgO Al2O3 Mn P2O5 Na2O K2O Zn S C Pb 

Dust 46.86 9.20 5.00 6.32 0.93 0.90 0.24 0.06 2.81 3.93 2.14 0 2.88 1.07 

Sludge 14.60 4.53 4.25 6.33 1.13 1.59 0.16 0.08 0.15 0.24 13.64 2.06 36.45 1.69 

Analysing the chemical composition of the dusts and sludge it was observed that it is the iron-rich material 

(including iron oxide). So it maybe be used as the burden materials for the blast furnace process. The blast-

furnace dusts are managed in the sinter plant or agglomerated in other ways, for example by briquetting or 

used in cement companies, where are used as a flux w the production process of clinker. Oxide contents, 

such as: SiO2, CaO, MgO, Al2O3 cause that it is a suitable material for this process. The major difficulties 

are connected with the blast-furnace sludge management, due to the high hydration and, above all, the 

chemical composition of it (a large quantity of zinc and lead). One method of the blast-furnace sludge 

management is its hydrocyclones (dezincification). This method is considered as the Best available 

Technique BAT (BREF). Moreover, the quantity of skull made during the blast furnace process in three 

consecutive years was analysed. These skull are entirely used as charge materials to the process (Table 7). 

Table 7 Skull made in blast furnace technology in consecutive three years from A and B furnaces selected 

metallurgical plant 

Furnace 

no. 

Year 

1 2 3 

Quantity of made skull , Mg 

A 1 561 2 257 1 153 

B 1 364 1 263 757 

Σ 2 925 3 520 1 910 
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From the total quantity of received dust from the Department of Blast Furnace, one part was subjected to 

sales (Table 8), representing a 37 - 55 %. The rest was used during the preparation process the charge 

materials to the process (during sintering process). 

Table 8 Quantity of sold dust from the Steel Mill's Burdening Shop in consecutive three years 

Year 

1 2 3 

Sold dust from the Steel Mill's Burdening Shop, Mg 

17 816 17 902 9 198 

A comparison of the rate of the slag production for 1 Mg of produced pig iron in consecutive three years was 

made (Table 9). In the analyzed period, the rate ranged from 266 kg/Mg of the pig iron to 332 kg/Mg of the 

pig iron. The data obtained shows that in the test ironwork, improving technology, this rate decreased in 

comparison with the global rate (250 kg/Mg of the pig iron) from 133 % to 106 %. Similarly, for dust and 

sludge, these rates were higher than world standards of the dust and sludge generated in the production of 

pig iron (Table 10). 

Table 9 Production rate of slag for 1 Mg of produced iron pig in consecutive three years 

Furnace 

no. 

Year 

1 2 3 

Production rate of slags, kg/t pig iron 

A 332.15 268.60 275.12 

B 327.60 270.34 265.81 

Average 329.90 269.47 270.40 

Table 10 Raising rate of dusts and sludge in consecutive three years 

Furnace 

no. 

Year 

1 2 3 

Quantity of dusts, kg/Mg pig iron 

A 11.02 12.11 10.17 

B 11.38 11.68 9.21 

Average 11.20 11.89 9.69 

Quantity of sludge, kg/Mg pig iron 

A 5.07 4.74 5.27 

B 5.05 4.66 5.09 

Average 5.06 4.70 5.18 

For the blast-furnace iron-making technologies in the reference documents (BREF) there were recorded 

levels of generated waste materials: slag, dusts and sludge (Table 11). 

By comparing these values with the data of the selected metallurgical plant, it was found that the level of 

generated waste is a reference point to judge of the current performance within the meaning of Best 

Available Techniques (Figs.  1, 2 and 3). Slight overflow of global sludge production rate should be reduced 

to acceptable levels. The treatment of gases leaving the blast furnace, i.e. pre-treatment (formation of dust) 

should be improved. 

At the same time analyzing the quantity of waste in the selected metallurgical plant, it is noted that they do 

not exceed the limit values in the Polish ironworks (Table 11). 
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Fig. 1 Comparison of raising blast-furnace slag in consecutive three years 

 

Fig. 2 Comparison of raising blast-furnace dusts in consecutive three years 

 

Fig. 3 Comparison of raising blast-furnace sludge in consecutive three years 

Table 11 Comparison of the slags, dusts and sludge formation during the blast-furnace process and 

according to BREF [3] 

 The amount of generated wast 

in Polish Ironworks 

The allowed amount of generated 

waste according to BREF 

Unit 

Dusts 2.4 - 12 6 - 16 kg/Mg pig iron 

Sludge 4.4 - 14 3 - 5 kg/Mg pig iron 

Slags 200 - 350 200 - 290 kg/Mg pig iron 
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CONCLUSION 

Some of the Best Available Techniques (BAT for the blast furnaces provide a reference point which help to 

judge the current results from the selected metallurgical plant. The reduction of the environmental burden by 

"our company" is one of the main aspects of the CP and so-called "Additional economic effect" (the waste 

utilization). This means that the used technology can be considered as Cleaner Production brings significant 

benefits to both the nature and the company. 

The methods of waste utilization, which are recommended in the relevant European documents, are 

convergent with the main aims of these ironwork activities. The purpose of this, besides the ability to 

compete between ironworks on the European and global markets, is to reduce the negative impact of the 

plant on the environment. 
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Abstract 

The purpose of this process is to achieve grain refinement through shearing transformation and plastic 

deformation after recrystallization resulting in ultra-fine-grained (UFG) steels which feature higher tensile 

strength combined with good formability. The structure is composed of tempered martensite, ferritical grain 

with size of several micrometres, or hundreds of nanometres and ultra-fine-grained cementite. The STRAD 

method can easily be used as continuous process in production. 

Keywords: ultra fine-grained steel, shearing transformation, recrystallization 

1. INTRODUCTION 

Deformation refinement, nucleation and growth of grains during heat treatment are the essential steps in the 

STRAD technology. The process is shaped particularly by chemical composition, optimum temperatures and 

heat treatment duration depending on grain size and growth rate linked to the deformation level. The 

technology is fit for steels which have undergone peritectic reaction. 

The aim is to create technological innovation processes for the production of wire that would be able to 

provide manufacturers a competitive advantage. 

To ensure an effective processing all the above mentioned process parameters must be harmonized taking 

into account their interactions. 

To accomplish a successful process the following three issues must be handled: 

- diffusion-free shearing transformation, 

- plastic deformation, 

- recrystallization. 

2. DIFFUSION-FREE SHEARING TRANSFORMATION 

The transformation depends particularly on: austenitization temperature/time and cooling rate/method. 

2.1 Austenitization temperature and time 

The standard general rules must be applied so that the grain size growth is minimized during heating. 

2.2 Cooling rate and method 

In this case the procedure is more difficult. Because typically steels with carbon content below 0.2 % are 

processed the Ms temperature is about 500 °C - see Fig. 1 [1]. For that reason acicular tempered martensite 

is always formed. If the initial structures of the STRAD process are to be modified the hardening condition 

must be studied [8]. 

mailto:konarik.petr@centrum.cz
mailto:miroslav.olszar@trz.cz
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3. PLASTIC DEFORMATION 

If applying the STRAD method the following must be handled: 

- deformation level before shearing transformation, 

- deformation level before recrystallization.  

 

Fig. 1 Effect of carbon on Ms and Mf 

positions at martensitic transformation 

3.1 Deformation level before shearing transformation 

This deformation affects particularly the grain size after transformation and values of parameters influencing 

the transformation including initial conditions for the following processes. The basic criterion is the position in 

plastic deformation process in terms of whether the texture in the formed material is generated or not with 

respect to the grain size. [6] 

3.2 Deformation level before recrystallization 

In this case the maximum plastic deformation and forming method to which the tempered material can be 

subjected and what will be the impact on the basic recrystallization parameters must be known. The initial 

approximation and determination of general rules can be based on Fig. 2 [2] although this diagram provides 

information only for grain size over 10 μm and recrystallization temperature over 500 °C. The above 

indicates for grain size below 10 μm the classic recrystallization technology cannot be applied and about 500 

°C recrystallization temperature should be selected at optimum heating time. 

 

Fig. 2 Mild steel recrystallization diagram 

4. RECRYSTALLIZATION 

Recrystallization is the key process of the STRAD method. It must be controlled so that its duration is as 

short as possible. The following dependencies must be known to be able to accomplish successful 

recrystallization. 

4.1 Dependence of recrystallization temperature on carbon content 

The mathematical relation between recrystallization temperature and carbon content of steel can be 

determined using Fig. 3 [3]. If line Accm is extended it intersects the temperature axis at 406 °C for pure iron. 

Since the line extension is located below Ac1 it represents 100 % probability of ferrite nucleation. The line 

therefore determines the initial depending on carbon content. Because the line intersects also the point of 

731 °C temperature at 0.8 % carbon content the mathematical expression is as follows: 
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TR = 406.25 [% C] + 406  (1) 

TR - initial recrystallization temperature, 

[% C] - carbon content in mass %. 

 

For carbon content higher than 0.2 % the curve 

replacement by line can be considered but for 

low-carbon steel the calculated values 

correspond to actual recrystallization 

temperatures. In production practice the 

recrystallization is not used to restore the 

material formability after cold forming of steel 

with carbon content higher than 0.25 % when 

patenting is applied. 

In [2] it is stated the activation energy of grain 

generation declines as the temperature 

decreases so the rate of generation of new 

recrystallized grains increases. 

Fig. 3 Pure iron-carbon alloy transformation points 

4.2 Dependence of recrystallization time on temperature 

For the ultra-fine-grained structure the recrystallization start time is important. It can be determined from Fig. 

4 [4] provided the dependence of recrystallization start time at different annealing temperatures for pure iron 

is similar to that for steel with up to 0.2 % carbon content [7]. The extension of line 1 intersects axis ln t at 0 

value, i.e. ln t = 0 for T = 1,000 °K; the dependence can be described by general equation of line ln , where K 

- gradient of line, ln t - natural logarithm of recrystallization start time, T - temperature [°K]. If introducing the 

values from the diagram the following is the result: 

 (2) 

 

Fig. 4 Recrystallization time start at various annealing temperatures for pure iron 

4.3 Dependence of recrystallization temperature on deformation level 

It is generally known that the higher the forming rate the higher the number of areas fit for the inception of 

nuclei which means a higher number of nuclei and finer crystals are found after recrystallization. However, 

the final post-recrystallization grain size depends predominantly on grain size of the original structure (the 

finer the better) and forming method [5]. At the same tensile or pressure forming the recrystallized structure 

after pressure forming is coarser than after tensile forming. The basic dependence of recrystallization 

temperature on deformation rate for iron is shown on Fig. 5 [1] which indicates that the more intense metal 
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forming the higher increase of the internal energy of the metal and the lower the temperature at which the 

recrystallization starts. The figure also indicates the effect of a deformation exceeding 70 % on the 

recrystallization temperature is negligible. The recrystallization temperature depending on deformation level 

can be calculated using the following empirical formula: 

 (3) 

TR - recrystallization temperature and cross sectional deformation (area reduction). 

 
Fig. 5 Cold forming effect on temperature necessary to recrystallization start after 1 h annealing 

5. EXPERIMENTAL PART 

The input material is wire rod of 20 mm diameter made of QSt-36-3 steel of the chemical composition 

specified in Table 1. 

Table 1 Chemical composition of QSt-36-3 steel 

Mass % 

C Mn Si P S Cu Cr Ni 

0.085 0.35 0.057 0.013 0.009 0.04 0.05 0.02 

The wire was drawn using four dies to 12.5 mm diameter with 60.9 % total reduction. The wire sample was 

then hardened in water with 870 °C temperature and again drawn using four dies to remove scales to 7.8 

mm diameter with 61 % total reduction. After that the sample was subjected to recrystallization annealing at 

530 °C temperature in laboratory furnace for 12 minutes. The descaled sample was again drawn using four 

dies to 5.5 mm diameter with 50.3 % total reduction. The sample processed this way using the STRAD 

method was subjected to tensile tests and metallographic examinations. The tensile test results are provided 

in Table 2. 

Table 2 Final mechanical properties of QSt-36-3 steel after the STRAD process 

Test No. 
Rp0,2 

(MPA) 

Rm 

(MPa) 

A 

(%) 

Z 

(%) 

1 903 907 10,4 59,4 

2 879 934 14,4 67,9 

3 777 889 13,6 64,0 

4 856 904 10,4 59,7 
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The metallographic examination showed the grain size as illustrated by see Fig. 6 indicating the value of 790 

nm was achieved. 

 

Fig. 6 5.5 mm diameter - 0.00079 mm 

CONCLUSIONS 

The experimental verification of the STRAD process showed the described method can be applied to 

improve the qualitative properties of steel and can be classified as an SPD method. The specified 

mechanical properties prove the wire with 0.085 % carbon content processed this way corresponds to 

patented wire with 0.42 % carbon content. The described method can be further developed using induction 

heating significantly reducing the heat treatment times which will enable additional improvement of 

qualitative properties of steel and make it possible to perform the processing as continuous process. If 

magnetic and electrical field is used in the processing then the STRAD method forms a basis for 

development of research of steel with hyperstructure, so-called structured carbon steel and enables 

theoretical research of graphen steel where cementite is replaced by graphen. This method opens new 

possibilities in the field of business economics. Significantly reduces the manufacturing cost of the product 

and may significantly increase the firm's competitiveness on the world market. 
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Abstract 

The Theory of Constraints (TOC) presupposes that every enterprise has one constraint (bottleneck) limiting 

its profit, at least. In order to attain a higher profit by earning more money and to reach a higher degree of 

efficiency, such an enterprise has to find its constraint and take necessary measures, how to put it in best 

use. Article introduces possible ways to identifying constraints (bottlenecks) in the manufacturing process. It 

focuses primarily on identifying bottleneck by capacity calculations utilization of production resources. A case 

study is solved in Komercni slevarna sede a tvarne litiny Turnov a.s. during February 2013. Identification of 

bottleneck is the first step in the application of principles and methods of TOC. If plant marks real constraint 

incorrectly, taken measures and improvements will not bring the expected result. For enhance the output of 

the plant is not necessary to have utilized all production resources at 100 %. The idea is not to waste any of 

constrained resource.  

Keywords: TOC, bottleneck, constraint, throughput, source 

1. INTRODUCTION 

The Theory of Constraints (TOC) was introducing in 1984 in The Goal, written by Eliahu M. Goldratt and Jeff 

Cox. Now, this philosophy belongs to successfully booming methods, which offering new approach to 

manage and permanent improving all processes in organizations. The Theory of Constraints presents 

unconventional way how to solve problems and way of thinking, which is based on common sense. 

The core idea in TOC is that every system such as a profit-making enterprise must have at least one 

constraint. If it were not true, then the system would produce an infinite amount of whatever it strives for. In 

the case of a profit-making enterprise, it would be infinite profits. Constraint limits the system from getting 

more whatever it strives for. [1] 

Most businesses cases can be viewed as a linked sequence of processes that transform inputs into saleable 

outputs. In TOC, an analogy often is drawn between such a system and a chain. The chain is as strong as 

strong is the weakest link. If someone wants to improve the strength of a chain, he must identify the weakest 

link and then concentrate efforts on strengthening this single link. The weakest link (bottleneck) sets the 

pace for entire system. [2] 

Following article contains case study in Komercni slevarna sede a tvarne litiny Turnov a.s. (in futher text 

Komercni slevarna). This iron foundry is a traditional producer of glass moulds, grey-cast iron and ductile-

cast iron castings. Over 120 employees produce almost 2000 tons per year.  

As many other iron foundries has Komercni slevarna problems with keeping of confirmed terms, lot of 

defects during producing process, frequent changes in a production plan, and management have to solve 

operating problems and they do not have time for strategic decisions. 

The purpose of this article is to show ways how to find bottleneck in iron foundry production as a first step to 

improving production process by focusing on the constraints. Subsequent application TOC principles and 

rules stabilize operations in iron foundry and simultaneously increase throughput, decrease work-in-process 

mailto:kyncln@slevarna-turnov.cz
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inventory and decrease operating expenses. Production managers are suddenly able to make a good plan, 

which is realistic, productive and immune against collapse.  

2. THEORETICAL BASIS 

The constraints will determine the output of the system whether they are acknowledged and managed or not. 

Either we manage constraints or they manage us. [4] 

2.1  Managing constraints - the process of ongoing improvement 

Iron foundries and industrial enterprises at all have their primary constraints in production. Constraint is 

usually a resource with least capacity - it could be for example a machine, workplace or worker. Constraint 

significant affects material flow and utilization of resource’s capacity. If production managers effectively 

implement ideas from TOC, constraints usually shift outside of the factory. Suddenly is a constraint demand 

or unreliable supplier.  

The Theory of Constraints presents instructions for the management of a constraint in the form of five basic 

steps: 

1. Identify the system’s constraint (bottlenecks) 

2. Decide, how to exploit the system’s constraint(s)  

3. Anything else must be subordinated to this decision 

4. Elimination of the constriction (if steps 2 and 3 do not help to remove the bottleneck, increase the 

output of the bottleneck by means of more decisive measures) 

5. After elimination of the bottleneck, repeat the cycle by returning to the step No. 1 

2.2  Identification of bottleneck 

The term bottleneck is taken from the 'assets are water' metaphor. As water is poured out of a bottle, the rate 

of outflow is limited by the width of the conduit of exit—that is, bottleneck. By increasing the width of the 

bottleneck one can increase the rate at which the water flows out of the neck at different frequencies. 

A constraint in a system is anything that limits the system from achieving its objective. Any real system must 

have at least one constraint that prevents it from making more profits. If a system did not have a constraint, 

its output would be unlimited.  

Iron foundries and industrial enterprises at all have their primary constraints in production. The source with 

the least capacity ordinarily will be the bottleneck. The identification of a bottleneck limiting the production 

process as a whole can be carried out in three possible ways: 

 by keeping under observation and on the base of one´s own experience - looking for the place of 

inventories accumulation 

 capacity calculations - determination of capacity requirements for the given assortment and 

comparison with the capacity being available 

 simulation 

3. CASE STUDY 

In a well-run factory, the constraint can be identified easily by the location of work-in-process inventories. If 

the factory is well managed, they will be concentrated in front of the constraint. In a poorly run factory, work-

in-process inventories will be scattered all over, and identification of the real constraint is initially more 
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difficult. Some managers are unable to figure out where the bottleneck is because of the chaos that has 

resulted from applying conventional shop control techniques over the years. 

3.1  Foundry introduction 

Komercni slevarna after privatisation in 1997 has been focused on production of commercial castings 

deliveries (from one piece to small or middle series) with maximal orientation on the customer, his terms and 

quality requirements.  

Raw material is melted in induction furnaces (1x 1000 kg, 2x 500 kg, 1x 9000 kg foreheart) and gravity 

casted in sand forms. The most of cores are manufactured in two automatic shooting machines by COLD-

BOX technology. Production equipment consist of forming unit FORMTEC Air Impec, mechanical moulding 

FOROMAT 20, 40 (2+2) and manual moulding. Final operations by grit blasts, grinders and annealing furnace. 

Diverse production - various materials, dimensions, weights and quantity complicate scheduling and 

managing of production process. In this case is impossible to identify constraint by observation. We have to 

use capacity method to identify the bottleneck. 

3.2  Calculation of available capacities 

Twenty two production operations are defined in the foundry, i.e. of production sources. The production 

operation are registered in production process of the casting in question together with the date giving the 

planned requirement rate for the treatment with regard to 1 piece (see Fig. 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Example of production process 

The information and scheduling system OPTI used in Komercni slevarna plans „from behind“. A required 

delivery term (according to the customer´s wish) is put into the system; the system will then calculate the 

source capacities step by step, starting from the last production operation and taking into account the 

possible time reserve. As soon as it hits the overrun available capacity of a certain source, it will shift the 

delivery term by 1 day and start to calculate again. And it goes in such a way as long as it plans all 

production operations of the production procedure. Thus the production of all individual orders is planned in 
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such a way so that the production operations follow immediately one after the other and with respect to the 

production technology.  

Table 1 Survey of exploitation of available capacities in calendar week 8 / 2013 

Production Source Plann. 

unit 

Shift 

model 

Work./ 

Mach. 

Output /  

hour 

Utiliz. Prod. 

degree 

Avail. 

capacity 

Exploitation  

% 

Hand made core min 3 4 60 80 1 20880 83 

Cold Box 1 min 3 1 60 80 3 15660 100 

Cold Box 2 min 3 1 60 80 3 15660 81 

Shooting AVS-16 min 3 1 60 20 1 1305 0 

Shooting V-10 min 1 1 60 60 1 1305 68 

Hand moulding min 1 4 60 90 1 7830 88 

Moulding F20 min 1 1 60 70 1 1522 57 

Moulding FA min 3 1 60 90 0.65 3817 100 

Moulding F40 min 1 2 60 95 1 4132 83 

Casting kg 2 2 500 100 1 72500 100 

Handed discharge kg 1 1 200 100 1 7250 88 

Machine discharge kg 3 1 750 100 1 81563 89 

Grit blasting min 3 1 60 80 1 5220 100 

Inlet removing min 3 5 60 100 1 32625 76 

Grounding min 3 4 60 100 1 26100 90 

Finish grounding min 2 6 60 100 1 26100 100 

Coat kg 1 1 600 100 1 21750 62 

Spray coat kg 1 1 600 100 1 21750 0 

Annealing kg 1 1 600 100 1 21750 14 

Income on stock kg 1 4 600 100 1 87000 34 

Cooperation CZK 1 1 20000 100 1 725000 46 

Income workpiece  kg 1 4 600 100 1 87000 15 

In order to calculate the available capacity of the individual sources, it was necessary to define the following 

data: 

 Planned unit - each of the sources operates with a given unit of the work to be done - it can be weight 

(kg), time (min), and price (CZK) 
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 Week model of shifts - it may have values 1, 2 or 3, depending on the one-shift, two-shift or three-shift 

operation in the given source 

 Number of workers / machines - working in the given source 

 Output in one hour - gives the maximum value per 1 hour of work (its value depends on the unit being 

used) 

 Utilization of the working time - the value in % of the real work output of the source - if it is necessary 

to take into consideration idle time, defects, intervals for hygiene, maintenance, etc. 

 Productivity degree - further limiting factor for individual setting up the source capacity 

The available capacity equals the factor of all values multiplied by working days per week (5) and the length 

of the working time without legislative interruptions (7.25) - see Table 1. 

3.3  Exploitation of the production sources 

By comparison of the capacity demands of the contemporaneous assortment and the calculated available 

capacity, the following production sources result as the critical ones: 

 core shooting Cold Box 1 

 automatic moulding line (moulding FA) 

 casting 

 finish grounding 

 grit blasting 

At first sight, it seemingly could look like the different structure of the assortment to be produced in the 

foundry according to customer´s orders causes the existence of floating bottlenecks. However, all indicates 

that the bottleneck in the Komercni slevarna is the Automatic moulding line. 88 % of the produced 

assortment influencing directly all the critical sources pass through this line - the casting with complicated 

shape need a high number of cores and also a long time for finish grounding, heavy and large pieces need a 

lot of melt-down metal and do not exploit the full capacity of the pendant blast barrel. This is just this 

workplace which is critical for the efficiency of the entire foundry. 

4. CONCLUSION 

Five critical sources were ascertained by means of capacity calculations. By observing the production 

process and according to the accumulation of the work-in-process inventory, it is possible to certify just this 

conclusion. After taking the measures aiming to a higher utilization of these overloaded workplaces, it will be 

possible to decrease the number of critical sources and eliminate the mobility of constraints depending on 

the assortment to be produced. 

If identification of bottleneck by capacity calculations exposes more than one constraint, foundries have to 

check these critical resources one by one to eliminate individual constraints. After accomplishment of 

capacity improvements on critical resources is necessary to check exploitation again. For application 

methods and tools of TOC to increase production process is finding right bottleneck the most important step.  

When the initial guess at the location of the constraint is incorrect, the system eventually let us knows by the 

presence of unplanned work-in-process inventory accumulating in front of the real constraint. 

It is also necessary to realize that capacity of bottlenecks that are influenced by human work can be 

influenced without big problems. Quite simply, the number of workers should be accommodated in such a 

way that the workplace does not represent a bottleneck of the whole system. However, a problem occurs in 
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the machinery workplace where there is not possible to increase the capacity in such an easy way. Possible 

measures aiming to the elimination of critical sources and proposals for increasing the efficiency of a 

bottleneck will be described in further research works. 
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Abstract 

Post has documented the assumption that a relatively simple methodology applicable modelling of linear 

programming can still bring appropriate element optimization in managerial decision making (the exact 

basis). These are mainly used in the operational and tactical management of industrial enterprises, where 

the in the "real" time can provide relevant information for the choice of optimal, or approaching the optimum 

variants of solving problems. It’s cited as an example of the problem of optimal cutting steel strips in coils 

and its solution as a problem of linear programming in MS Excel. 

Keywords: linear programming, optimization, cutting problem 

1. INTRODUCTION 

This type of management decision making is now possible without the connection with modern computer 

equipment and managing equipment. Computer technology is used for modelling, analysis, experimentation 

and the search for optimal or approaching optimum structure, functioning of real systems and their parts. 

Nowadays the technical specifications of computers allow their use not only as an off-line problem solving 

tool, but as a tool for on-line direct proceeding of the projected control systems, in relation on the sources for 

data collection, recording and transmission of information. One from the problem, where computer off-line 

support can be successfully used in decision-making processes, is the issue of cutting problem [1]. 

Further, there is as an example introduced a solving problem of optimal cutting steel strips as a linear 

programming problem - the task of optimal cutting material by Simplex method algorithm in MS Excel [3]. 

2. DEFINITION OF PROBLEMS 

In a metallurgical company are made cold steel sheets in coils of required thickness of 0.3 mm and a width 

of 1200 mm and a length of 2000 m, which should be divided into three required dimensions: 512 x 730 mm 

with a total of 42 % of the parts, 730 x 1152 mm with the total amount of components 20 % and 450 x 512 

mm with a total of 38 % of parts. We assume that there is limited capacity of the separator machine. The 

total annual number of coils is 88500 pcs. 

The amount (quantity) of each size sheets in the required percentage amount, subject to minimum waste 

input material, to be cut. 

3. VARIANTS OF POSSIBLE DIVISION OF COILS 

We will divide the steel roll of the length 2000 m to three required length so that as far as possible we will 

respect the ratio of 42: 20: 38 and at the same time achieved low loss of the belt area. 

Variations of division (Fig. 1, 2, 3 and 4) represent the file lengths, which allows to respect the different 

amounts of appropriate ratio between them for one coil [4]. Analogy then cut all 88500 pieces of coils. 
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Waste: 9 x 0,512 x 0.02 = 0.09216 m2 

Fig. 1 Variant 1 of possible division of coils 

 

 

 

 

 

 

 

 

 

 

Waste: 0.512 x 0.02 = 0.01024 m2 

Fig. 2 Variant 2 of possible division of coils 
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Waste: 0.730 x 0.176 = 0.12848 m2 

Fig. 3 Variant 3 of possible division of coils 

 

 

 

 

 

 

 

 

 

 

Waste: 0.730 x 0.048 = 0.03504 m2 

Fig. 4 Variant 4 of possible division of coils 
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4. THE MATHEMATICAL MODEL DEFINED BY CUTTING PROBLEM  

Mathematical displaying we express the requirement of finding non-negative values  xi, to respect individual 

constraints conditions and at the same time the target function as a criterion of optimality decision to acquire 

the smallest possible value [5]. 

xi - the frequency of the i-th division variants 2000 m coil (strip), i = 1, 2, 3  

Number of parts of the 2000 m strip: 

42 % → 512 x 730  → x2 + 2x3 

20 % → 730 x 1152 → 4x1 + x4 

38 % → 450 x 512  → 9x1 + x2 

Total quantity of parts from 2000 m band: 

13x1 + 2x2 + 2x3 + x4 

42 % parts of the dimension 512 x 730: 

x2 + 2x3/13x1 + 2x2 + 2x3 + x4 = 42/100 

100x2 + 200x3 - 42(13x1 + 2x2 + 2x3 + x4) = 0 

-546x1 + 16x2 + 116x3 - 42x4 = 0 /:2 

-273x1 + 8x2 + 8x3 - 21x4 = 0 

20 % parts of the dimension 730 x 1152: 

4x1 + x4/13x1 + 2x2 + 2x3 + x4 = 20/100 

400x1 + 100x4 - 20(13x1 + 2x2 + 2x3 + x4) = 0 

7x1 - 2x2 - 2x3 + 4x4 = 0 

Binding conditions 

4.608x1 + 0.512x2 + 0.730x3 + 0.730x4 = 2000 

-273x1 + 8x2 + 8x3 - 21x4 = 0 

7x1 - 2x2 - 2x3 + 4x4 = 0 

Effectiveness function 

0.09216x1 + 0.01024x2 + 0.12848x3 + 0.03504x4 
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5. SOLUTION 

The solution was found by using of the algorithm of linear programming in the spreadsheet processor MS 

Excel [2]. 

By rounding into the integral number we obtained the following solution:  

x1 = 0 

x2 = 2139 

x3 = 112 

x4 = 1126 

Zmin = 75.85336 m2 

Total quantity of cut parts: 

13x1 + 2x2 + 2x3 + x4 = 5628 pcs 

Dimension 512 x 730: 

x2 + 2x3 = 2139 + 224 = 2363 pcs → 2363/5628 x 100 = 41.99 → 42 % 

Dimension 730 x 1152: 

4x1 + x4 = 0 + 1126 = 1126 pcs → 1126/5628 x 100 = 20.00 → 20 % 

Dimension 450 x 512: 

9x1 + x2 = 0 + 2139 = 2139 pcs → 2139/5628 x 100 = 38.00 → 38 % 

Waste (material losts): 

75.85336 / (2000 x 1.2) x 100 = 3.16 % 

In the final solution was cut 5628 pcs of three dimensions of which 2363 pcs of dimension 512 x 730 mm, 

1126 pcs of dimension 730 x 1152 mm and 2139 pcs of dimension 450 x 512 mm. The total waste is 75.85 

m2, what is 3.16 % of the total length of the strip. 

6. CONCLUSION 

The example illustrates on the specific problems of practical metallurgical plant the meaningfulness of 

applications of linear programming to obtain information - recommendations for decision making. It 

represents the formulation and the solution of cutting problem by linear programming algorithms.  

This example of the use of linear programming algorithm proves, among other things, that it is not always 

necessary to grab to complicated algorithms to obtain solutions of the decision problem. 

For every from the 88500 pcs of coils 
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Abstract  

Together with increasing competition on the market modern companies tries as much as possible to focus on 

improving production efficiency, reducing costs and losses and improving quality of final products. From 

these requirements implies a very close link between quality management systems and maintenance. The 

purpose of this article is to describe data that are used for maintenance of industrial machines and 

equipment, and analyse whether these data are suitable for application of SPC. It depicts the most used 

maintenance systems in the industrial field, what kinds of data are gathered from those systems and how 

these data are processed. Furthermore, it outlines the potential of integration of maintenance systems and 

SPC that should lead to faster and more efficient reaction to the equipment state shift.  

Keywords: maintenance, Statistical Process Control, diagnostics, quality 

1. INTRODUCTION  

The history of using statistical methods for quality improvement is very long. Walter A. Shewhart developed 

statistical control chart concept, nowadays considered as the beginning of statistical quality control. During 

World War II statistical methods were used to increase quality of ammunition. In the 1950s, designed 

experiments (DOE) for product and process improvement were first introduced in US. Japanese progress 

and lead in this methodology has been the driving force behind the development of DOE into the western 

world during the 70´s and the 80´s [1]. 

A control chart is one of the primary and basic techniques of statistical process control. This chart plots the 

measurements results of quality characteristics in samples taken from the process versus time. It has a 

centre line and two limit lines. The centre line (CL) represents where the process should fall, if there are no 

unusual sources of variability. The limit lines represent 

control limits (UCL, LCL). If the process is observed beyond 

these limits, it is considered to be “out-of-control” The 

ultimate goal is to identify and separate random changes 

from changes due to assignable causes. Systematic use of 

the control chart is an excellent way to reduce variability. The 

typical control chart is illustrated on Fig. 1.  

          

 

The control chart is a fundamental tool used in SPC and it 
can be applied in many areas of maintenance to improve the quality, such as: 

 equipment availability; 

 equipment downtime rate;     

 number of breakdowns; 

 equipment quality rate. 

Fig. 1 Control chart [1] 
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2. MAINTENANCE SYSTEMS OVERVIEW  

Maintenance systems have been developing since the late 60´s quite rapidly. This follows either from 

development of new, more complex machines and also from higher requirements on machine reliability, 

production efficiency, product quality and safety.  

2.1 Corrective maintenance 

Corrective maintenance was in the past the most used system for taking care about equipment. This system 

does not use any systematic approach; no actions are taken until the equipment failures, as illustrated on 

Fig. 2 The maintenance cost are very low, on the other hand, the repair cost may be significant. There is 

now information about the current equipment state, how quick it deteriorates, so the maintenance personal is 

unable to plan maintenance actions, prepare spare parts, manpower etc. It also does not take into account 

the root cause of the failure; it just put the machine back to the operational state. That’s why this system is 

no longer used in modern production factories. 

    

 

 

  

   

 

    R(t) - probability of operational state 
t´0, t´1, t´2 - time of failure 
t1, t2, t3 - time of completion of repair, time of operational state   

 

2.2 Preventive maintenance 

Based on the needs described above the corrective maintenance system has developed into the preventive 

maintenance system. This system is based on the periodical preventive checks (Fig. 3) done by operators or 

maintenance staff. This preventive plan can be based on the equipment manufacturer recommendation, in-

house staff experience, or on the technical audits done by some external company. The preventive plan is 

prepared for all machines and divided by periods. The most common are weekly, monthly, half-yearly and 

yearly check lists or checklists divided by number of equipment run hours, i.e. 2000 hrs, 4000 hrs, etc. These 

check lists consist of instruction about what to check, what to clean, what to lubricate, what to replace, etc. 

They allow scheduling the maintenance activities, preparing spare parts and manpower to realize the 

inspections. 

But, there are still some disadvantages of this system. Preventive maintenance still does not reflect the 

actual state of the equipment. As written above, the system is based on some primary evaluation of the 

equipment lifetime, but without proper measurements and diagnostics it is unable to reach the optimum. That 

means that preventive maintenance may be quite costly in some cases, i.e. due to replacement of expensive 

spare part that is still at its 80 % of lifetime. 

Fig. 2 Corrective maintenance [7] 
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R(t) - probability of operational state 

t´0, t´1, t´2 - time of failure 

t1, t2, t3 - time of completion of repair, time of operational state 

 

2.3 Predictive maintenance 

The first maintenance system that really reflects the actual state of the equipment is predictive or condition-

based maintenance system (CBM). Basically, the equipment is repaired when it’s required, not according to 

the preventive plan. To know the exact condition of the equipment, monitoring and checks has to be done. 

The key idea of this is to get the correct information at the right time. [5] 

Monitoring and checks come together in a term diagnostics. There are several types of diagnostics methods 

and in practice it is recommended to use more of them at one time, to obtain the most accurate results. 

Types of diagnostics according to the type of the analysed parameters are as follows: 

Tribo-diagnostics (analysis of lubricants) - it fulfils two main tasks: 

 Monitoring the condition of the lubricant - a lubricant degradation can occur for various reasons 

(oxidation, penetrating of water or other substances, etc.). 

 Analysis of impurities and wear particles (ferrography) - on the base of the material and shape of 

particles present in the lubricant, an assessment about the place where the machine is damaged is 

carried on. 

Thermo-diagnostics (measurements of temperature, thermal imaging)  

Using local or surface temperature measurements, sites with different temperature can be determined and 

the cause of the elevated temperature can be deduced (excessive friction, high electrical resistance, etc.). 

Thermo-diagnostics is widespread in inspections of electrical switch-gears, high voltage lines, hot water 

pipes, in the steel industry (brick lining of furnaces and chimneys), etc. Examples of the thermo-diagnostics 

can be seen on Fig. 4.  

 

 

 

Fig. 4 Thermo - diagnostics examples [8] 

2.3.1 Ultrasonic diagnostics 

Based on the physical fact that dry friction generates ultrasound. It is also produced when the flow occurs - 

the leakages due to the leaks and friction in seals, etc. In addition, electrical discharges produce ultrasound 

Fig. 3 Preventive maintenance [7] 
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as well and therefore this method and instruments based on it are also used by specialists in the field of 

electrical equipment. 

2.3.2 Vibration diagnostics 

Vibration signal involves information about the cause 

of vibration and through its analysis using different 

methods an emerging or developing fault can be 

detected. For rotating machines, this is usually the 

method that covers most possible faults. Basic 

example on Fig. 5 demonstrates how different cause 

of vibration is shown in the spectrum. Cause of the 

vibration can then be distinguished i.e. by using Fast 

Fourier Transform. 

3. USE OF SPC FOR ANALYSING PREDICTIVE 

MAINTENANCE DATA 

From above mentioned it is obvious that it is possible 

to collect a lot of different data that describe the machine operational state. The second step would be to 

analyse the data and reflect these analyses into the preventive maintenance plan. SPC tools and methods 

should be very useful for these analyses. As an example to show the possibility, data from the vibration 

diagnostic were chosen, as this method is the most used within all other methods. Using the same method, 

any other data from different measurements can be analysed (temperature, oil viscosity, ultrasonic signals, 

etc.) as it can be seen in Table 1. 

Table 1 Example of predictive maintenance data suitable for SPC  

Basic tool, Shewhart control chart, is the ideal for data analysing. An overall vibration of roller bearing is 

chosen as an example, because of its simplicity and common use. Analysed data should vary randomly 

around an established mean. Since we are interested in the identification of an earlier deviation of the 

monitored parameter, therefore only the data related to the normal working stage should be used to establish 

the control limits. For simplicity, we assume that the observed data over the first stage is normally distributed. 

Type 
of 

diagnostics 

Methods Measuring 
equipment 

Data Attribute/ 
Continuous 

data 

Evaluation 
method 

Tribo-
diagnostics 

Equipment wear 
condition 
monitoring 
Lubricant 
degradation 
monitoring 

Laboratory 
methods 

Amount of wear 
particles 
Viscosity 
Ph 
Water activity 

 
A 

SPC for attributes 

Thermo-
diagnostics 

Temperature 
analysis 

Laser 
thermometer; 
Thermo-camera 

Temperature C SPC for continuous 
data 

Ultrasonic 
diagnostics 

Signal analysis Ultrasonic 
detectors 
Frequency 
analyzers; 
Lever analyzers 

Intensity 
Pressure 
Power 

 
C 

SPC for continuous 
data 

Vibration 
diagnostics 

Signal analysis Multichannel 
analyzer 
Vibration 
transducers 

Displacement 
of vibration  
Velocity 
Acceleration 

 
A/C 

SPC for attribute or 
continuous data 

Fig. 5 Spectrum of vibrations [5] 

 

 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1981 

To set-up control limits, collected data should be analysed, looking for data representing normal operational 

state, or it is also possible to use values recommended by the manufacturer. After having the data, mean 

and standard deviation are estimated.  

While having that, collected data are plotted into the control chart, as shown on Fig. 6. This graph also 

illustrates warning and action limits, which are the 

indicators for maintenance. After vibrations reach 

warning limit, physical inspection should be 

performed, eventually bearings should be 

lubricated. If the vibrations level reach action limit, 

it is time for preventive maintenance and the 

bearing should be replaced. While using this 

analysis, we can immediately react to the 

equipment shift, calculate failure probability. While 

using different tools and analysis, like adaptive 

moving average or range chart, we can more 

effectively react on the small process shifts.   

 

4. CONCLUSION 

The main goal of this article was describing what sort of data are collected from the different types of 

diagnostic measurements, and if these data are suitable to be analysed using SPC tools, such as control 

charts. As has been proven, data from vibrodiagnostics are suitable and usable for Statistical process 

control. Further research should be conducted to in order to find the best model of control chart that would 

help us to detect even very small process shifts. Also finding the correlation between data from different 

measurements methods would be a challenge. 
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Abstract 

The aim of the paper is to develop a system for measuring resilience in industrial supply chain. It is based on 

the decomposition of resilience capabilities into a weighted system of measurable indicators. The indicators 

may be of qualitative or quantitative nature. It is necessary to assign weight to each indicator. The Analytic 

Hierarchy Process (AHP) designed by Saaty is used for this purpose.  

Keywords: Supply chain resilience, Analytic Hierarchy Process, industrial supply chain 

1. INTRODUCTION 

Current industrial supply chains are facing a wide spectrum of new trends [1], [2] [3], [4], [5], [6], [7]: 

globalization, outsourcing, centralization, IT-dependence, complex product and service, deficit of information, 

specialized factories, volatility of demand, technological innovations, environmental impacts. These trends 

cause a significant increase of supply chain vulnerability and the need to look for new supply chain 

management concepts [8], [9]. 

The concept of supply chain resilience represents one of the key directions in this area. In the scholar 

literature, there is a relatively large number of authors dealing with the definition of the concept. The main 

authors in this area include Christopher and Peck [10], Fiksel [11] or Sheffi and Rice [12]. The practical 

implementation of the resilience principles, however, faces lack of systems for systematic supply chain 

resilience measurement. 

The aim of the paper is to develop an open system for measuring resilience in industrial supply chain based 

on the weighted system of tangible and measurable indicators. 

2. LITERATURE REVIEW 

The word resilience has its origins in the Latin word „resiliere”, which means to „bounce back”. According to 

the Oxford dictionary, it has two basic meanings: (1) ability of a substance or object to spring back into 

shape; elasticity, (2) capacity to recover quickly from difficulties; toughness. 

Many more definitions of supply chains resilience have already been created. Christopher and Peck 

emphasizes two basic cornerstones in his general definition, flexibility and adaptability of the system: 

resilience is the ability of a system to return to its original state or move to a new, more desirable state after 

being disturbed [10]. Similar definition of resilience is presented by Sheffi and Rice - resilience is the ability to 

bounce back from a disruption [12]. According to Fiksel´s economic definition, resilience is the capacity of an 

enterprise to survive, adapt, and grow in the face of turbulent change [11]. For further research work, the 

resilience of the supply chain will be defined as the ability of a supply chain to return to its original state in 

case of its serious disturbance. 

The question that is still relevant nowadays is how to measure the supply chain resilience. Even if there are 

continuous efforts focused on quantitative analysis and measurement (e.g. [13], [14], [15], [16], [17], [18]), 

mailto:radim.lenort@skoda-auto.cz
mailto:pavel.wicher@skoda-auto.cz


 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1983 

most of the designed systems are of qualitative character. A complex assessment tool for the measurement 

of resilience SCRAMTM (Supply Chain Resilience Assessment and Management) created by Pettit can be 

presented as an example of qualitative approach [19]. 

SCRAMTM for measurements of supply chain resilience takes advantage of the comparison of supply chain 

vulnerabilities (fundamental factors that make an enterprise susceptible to disruptions) and supply chain 

capabilities (attributes that enable an enterprise to anticipate and overcome disruptions). This tool defines 7 

vulnerability and 14 capability factors (see Table 1). Each factor is further divided into an exactly defined 

number of sub-factors. The intensity of the sub-factors is determined expertly using a five point scale. The 

intensity of vulnerability and capability factors is calculated as an arithmetic average of the relevant sub-

factors. The intensity of the factors can be compared with their importance, which is again determined 

expertly using a five point scale. 

Table 1 SCRAMTM factors [19] 

Vulnerability Factor Capability factor 

Turbulence, Deliberate threats, External pressures, 

Resource limits, Sensitivity, Connectivity, 

Supplier/Customer disruptions 

Flexibility in sourcing, Flexibility in order fulfilment, 

Capacity, Efficiency, Visibility, Adaptability, 

Anticipation, Recovery, Dispersion, Collaboration, 

Organization, Market position, Security, Financial 

strength 

Despite its complexity and simplicity, this approach has its disadvantages: 

 Rigidity (closeness) - the system relies on a “comprehensive” list of pre-defined factors. Some of the 

factors and sub-factors will seem irrelevant in today´s turbulent business environment and concrete 

conditions of the surveyed supply chain. On the other hand, important factors, which were not taken 

into account during the creation of the tool, can be neglected. 

 High subjectivity - the evaluation of the factors and sub-factors is based solely on qualitative indicators 

(five point scale). The individual sub-factors have a very general definition. That is why each expert 

can interpret the sense and meaning of the sub-factors in a different way and distort the final 

evaluation. 

The objective of the article is to design a concept of a system used for supply chain resilience measurement 

that minimizes the above mentioned shortcomings.  

3. METHODOLOGICAL BASIS 

A relatively large number of approaches with various informative and algorithmic complexity and a degree of 

elimination of subjectivity (accuracy of the acquired evaluation results) can be used for that purpose (e.g. 

[20], [21], [22], [23]). Concrete indicators of resilience and their importance were set using the Analytic 

Hierarchy Process (AHP) designed by Saaty. AHP allows decomposition of a decision-making problem into a 

system of hierarchies of weighted objectives, criteria and measurable indicators [24]. 

The main procedure of AHP using the geometric mean method is as follows (based on [25], [26]): 

1. Structure the decision hierarchy from the top with the goal of the decision, then the objectives from a 

broad perspective, through the intermediate levels (criteria on which subsequent elements depend) to 

the lowest level (a set of concrete indicators). An example of a three level hierarchy is presented in 

Fig. 1. 
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Fig. 1 Three level hierarchy of the AHP 

2. Construct a set of pairwise comparison matrices. Each element in an upper level is used to compare 

the elements in the level immediately below with respect to it (for three level hierarchy from Fig. 1, it is 

necessary to create one matrix for criteria comparison from the viewpoint of the objective and two 

matrices for comparison of indicators from the viewpoint of the criteria). Saaty recommends the 

fundamental scale for pairwise comparison of elements presented in Table 2. 

Table 2 The fundamental scales of pairwise comparison [25] 

Intensity of Importance Definition 

1 Equal importance 

2 Weak or slight 

3 Moderate importance 

4 Moderate plus 

5 Strong importance 

6 Strong plus 

7 Very strong or demonstrated importance 

8 Very, very strong 

9 Extreme importance 

Assuming N  elements, the pairwise comparison of element i  with element j  yields a square matrix A  

(with dimensions of N  x N ) where 
ija  denotes the comparative importance of element i  with respect to 

element j . In the matrix, 
ija = 1 when i  = j  (an element compared with itself is always assigned the value 

1, so the main diagonal entries of the pairwise comparison matrix are all 1) and 
ija  = 1/

jia  (for instance, if 

element i  is strongly important then element j , 
ija  = 5 and 

jia  = 1/5).  

3. Find the relative normalized weight iw  of each element (for each pairwise comparison matrix) by 

calculating the geometric mean of the i -th row and its normalizing: 
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4. Check the consistency of each pairwise comparison matrix by calculating the consistency  

ratio CR :  

RI

CI
CR   (2) 

CI  is the consistency index and RI  is the random consistency index, which depends on N  (see Table 3). 

Pairwise comparison matrix is considered to be consistent when 1.0CR . It reflects an informed 

judgement attributable to the knowledge of the analyst regarding the problem under study. 

Table 3 Random consistency index values [24] 

N  1 2 3 4 5 6 7 8 9 10 

RI  0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

Consistency index can be calculated by the formula: 

1

max






N

N
CI


 (3) 

Where max is the maximum Eigen value: 

 






N

i i

i

wN 1

max

1 wA
  (4) 

A  - pairwise comparison matrix 

w  - vector of weight 

 iwA   - i -th component of the vector wA   

iw  - normalized weight of i -th element 

5. Calculate the global weights of all elements. The weights acquired so far from the individual pairwise 

comparison matrices are local ones. Global weights, which guarantee that the sum of weights at all 

levels will equal one, are determined using the formula: 

ijiij wwgw   (5) 

ijgw  - global weight of the j -th element of the i -th group 

iw  - local weight of the i -th group 

ijw  - local weight of the j -th element of the i -th group 

4. SIMPLIFIED CASE STUDY FROM METALLURGICAL INDUSTRY 

The concept of the measurement system of industrial supply chain resilience is based on the decomposition 

of resilience, as the ability of a supply chain to return to its original state in case of its serious disturbance, to 

such a level of resilience sub-abilities, which will allow defining the tangible and measurable indicators for 

evaluation of resilience of the entire supply chain. The basis is to determine the key resilience sub-abilities, 

which will enable effective protection of the supply chain against anticipated vulnerability factors. A simplified 

example of such sub-abilities and their breakdown into measurable indicators is presented in Fig. 2. 
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Fig. 2 Three level hierarchy of metallurgical supply chain resilience 

The selected key resilience sub-abilities are: 

1. Adaptability (AD) - ability to modify operations in response to challenges or opportuni-ties [19]. 

Elements selected for adaptability measurement: 

o Lead time (LD), which represents the time from the moment the producer places an order to 

the moment the delivery is received [27]. The shorter the lead time, the higher the supply 

chain adaptability. 

o Frozen planning period (FP) - the time horizon in which production will produce everything 

that is stated on the schedule and the rest of the firm will sell what is produced [28]. The 

shorter the frozen planning period, the higher the supply chain adaptability. 

2. Financial strength (FS) - capacity to absorb fluctuations in cash flow [19], which is very often 

measured using [29]: 

o Liquidity (LR) - a firm’s ability to pay its obligations in the short run. The most widely used 

liquidity ratio is the current ratio, i.e. current assets divided by current liabilities. With growing 

liquidity the financial strength of the supply chain grows as well. 

o Profitability (PR) - management’s ability to control expenses in relation to sales and reflect a 

firm’s operating performance, riskiness, and laverage. Most commonly used profitability ratio 

is the gross profit margin, i.e. gross profit divided by net sales. Again, with growing 

profitability the financial strength of the supply chain grows as well. 

3. Collaboration (CO) - ability to work effectively with other entities for mutual benefit [19]. A key factor of 

cooperation in metallurgical branch is the degree of capital interconnection of the metallurgical 

producer with its suppliers and customers. The bigger the capital interconnection, the easier the 

cooperation within the supply chain. 

Pairwise comparison matrices were constructed, local and global standard weights were calculated and 

consistency was checked for the presented hierarchy of sub-abilities and measurable indicators. Table 4 

shows the comparison outcomes of the resilience sub-abilities. Table 5 summarizes the comparisons of 

adaptability and financial strength indicators, including the determination of the global weights.  

Table 4 Comparison of resilience sub-abilities 

A  AD FS CO iw  

AD 1 1/4 1/7 0.0786 

FS 4 1 1/3 0.2628 

CO 7 3 1 0.6586 

Note: 1.003.0 CR  
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Table 5 Comparison of adaptability indicators and financial strength indicators 

A  LT FP iw  ijgw   A  LR PR iw  ijgw  

LT 1 5 0.8333 0.0655  LR 1 3 0.75 0.1971 

FP 1/5 1 0.1667 0.0131  PR 1/3 1 0.25 0.0657 

Note: 1.00 CR  

5. CONCLUSIONS 

The evaluation of industrial supply chain resilience aimed at determining the values of the individual 

indicators can be done in several ways: 

 Comparison of the calculated values with the maximum (ideal) and minimum values. 

 Inclusion of the calculated values into the pre-defined categories (low, medium, high level of 

capability). 

 Benchmarking for application of the methodology in other parts of the supply chain or in another 

supply chain. 

 Evaluation of the trend if the resilience evaluation is performed repeatedly. 

The future research work will be focused on the modification of the designed concept by means of the 

Analytic Network Process application, which is capable of taking into account the interdependences among 

the examined elements [30]. 
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Abstract 

Crane steel wire ropes are an important part of lifting equipment. They are used for transport of material.  For 

users of the crane ropes the service life of the ropes plays an important role, which at present is an important 

factor especially from the economical point of view. In the paper are given the evaluation of crane ropes 

service life on the basis of the technical-operational conditions of the rope’s work and real life time. 

Properties and parameters of steel wire ropes have the influence on their service life, too. In our contribution 

we are aimed at the properties which are interesting especially for users of steel wire ropes and at the same 

time they have influence on the reliability and safety of the operation of equipments at which the steel wire 

ropes are structural members. 

Keywords: steel wire rope, service life, crane 

1. INTRODUCTION  

Steel wire ropes are used in various industrial branches. In the connection with present great increase     of 

their prices the question of their service life becomes more important. There are many ways of measurement 

of the wire rope lifetime in practice. The service lifetime of crane ropes depends on many factors - properties 

and parameters of steel wire and rope and the technical-operational conditions of steel wire rope's work [1, 

2]. In the paper are given the calculation of crane ropes service life on the basis of the technical-operational 

conditions of the rope’s work and the real lifetime. The paper presents a causal dependence of negative 

phenomena during the rope’s operation, too [3, 4]. 

2. TECHNICAL-OPERATION CONDITIONS OF WORKING CRRANE ROPES AND THEIR 

INFLUENCE ON SERVICE LIFE 

In this paper are discussed the following technical and operation conditions of the work: specific load of the 

crane rope m , pressure between the wire rope and the pulley maxp , the ratio of the diameter of the pulley 

to the diameter of the wire rope dD / [5]. 

2.1  The specific load of the crane rope  

This parameter allows us to assess the working conditions of wire rope for any lifting equipment. The size of 

specific loading is calculated by the formula (1): 

S

F
m

max  (Pa) (1) 

where 

maxF - maximum static loading steel wire rope (N), 

S - carrying cross section of the wire rope (m2).  

mailto:janka.saderova@tuke.sk
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The dependence of the specific load to the number of load cycles is shown in Fig. 1. The curve represents 

the service life of crane rope, which decreases, when the specific load value of 200 MPa. The value - 200 

MPa can be regarded as the good limit of service life of rope. 

 

Fig. 1 The dependence of the specific load to the number of load cycles 

2.2  Pressure between the crane rope and the pulley 

The intensity of pressure Sp , in which the wire rope effects a pulley is calculated by formula (2): 

dD

F
pS




2
 (MPa) (2) 

where 

F - static load of the wire rope (N), 

D - diameter of the pulley (mm), 

d - diameter of the crane rope (mm). 

For judging the lifetime, which the wire rope can obtain, the intensity of maximum pressure is determining by 

this formula: 

Spp 5,1max   (MPa) (3) 

Based on many years of service life assessment, especially in the mining hoisting ropes, depending on the 

size maxp , the rope can be achieved service life in accordance with Table 1. 

Table1 The maximum pressure on the rope to pulley 

pmax (MPa) The anticipated service life 

2750 - 3430 very good 

3925 rope not reach normal life 

7850 - 9810 rapid destruction of the rope 
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2.3  Ratio D / d 

The determining factor, which influences the lifetime of crane rope, is the ratio dD / . The size of ratio 

dD / is for the crane pulleys are in borders 14 - 26, for rope drums its range is 18 - 24. 

3.  MONITORING OF TECHNICAL-OPERATION CONDITIONS OF CRANE ROPES IN THE 

SELECTED OPERATION  

The technical-operation condition was monitored on the selected cranes in metallurgical operations. The 

parameters of monitored cranes and crane ropes and the values needed to calculate m , maxp  and Sp  are 

in Table 2. The calculated values of technical-operation conditions are in Table 3. 

Table 2 Selected cranes and values some parameters needed to calculate 

Type of crane Lift 

(t) 

Rope 

STN 

Rope 

d (mm) 

Pulley 

D (mm) 

Drum 

D (mm) 

pouring crane 280 024345 40 1120 1250 

pouring crane 250 024345 40 1120 1250 

pouring crane 240 024345 40 1120 1250 

pouring crane 200 024345 37.5 1120 1250 

overhead crane 100 024345 31.5 800 1000 

pincer crane 63 024345 35.5 1000 900 

overhead crane 63 024345 25 800 900 

overhead crane 50 024344 22.5 500 630 

pincer crane 50 024345 30 1000 900 

Table 3 Calculated values of technical-operation conditions 

Type of crane m 

(MPa) 

pmax (kPa) D/d 

pulley  drum pulley  drum 

pouring crane 150 7299 6540 28 31.25 

pouring crane 154.2 7497 6718 28 31.25 

pouring crane 146 7140 6398 28 31.25 

pouring crane 132.9 6093 5459 29.86 33.33 

overhead crane 84.4 7171 5737 25.39 31.75 

pincer crane 98.98 4807 5342 28.16 25.35 

overhead crane 178 7585 6742 32 36 

overhead crane 193 10158 8062 22.22 28 

pincer crane 92 3792 4214 33.33 30 

From the calculated values of specific loading of the wire rope it is evident, that all of them are lower than 

200 MPa that is the limit when the lifetime of the wire rope is rapidly decreases. That is why the long service 

life of the wire rope could be expected. 
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The situation is different for the pressure. The calculated values of the pressure are very high, for all ropes. 

The values predicted rapid destruction of ropes. Ratio dD /  is higher than the recommended amount, for all 

cranes. This fact gives presumption of achieve a good service life of ropes. 

4. SERVICE LIFE OF CRANE ROPES - THE TIME OF CHARGING OF THE WIRE ROPES  

The time of charging of the wire ropes is the simplest method of monitoring the lifetime of the wire rope. The 

time is recorded when the wire rope is loaded on the crane and when it is replaced for the new one. This 

method of valuation the service life does not include technical and operation conditions and also the way of 

working that is why those results can be only for orientation. 

There are the average values of the time of charging of the wire ropes N  which have been monitored on the 

crane (months) and calculated months by formula (4) are in Table 4. The formula:  






zZa

sZ
N  (months) (4) 

where 

Z - the number of strokes to replace of rope, 

s - a coefficient, the size was determined experimentally (0.45), 

a - an average the number of cycles per month, 

zZ - a coefficient which expresses character of the lifting equipment, 

 - a coefficient depends on the height of lift. 

Table 4 Lifetime 

Type of crane Lift 
(t) 

Real lifetime 
(months) 

Calculated lifetime 
(months) 

pouring crane 280 7.5 5.6 

pouring crane 250 6.75 3.3 

pouring crane 240 4 6.1 

pouring crane 200 4 3.9 

overhead crane 100 6.25 7.5 

pincer crane 63 7.5 5.9 

overhead crane 63 7.5 6.9 

overhead crane  50 8.75 10.2 

pincer crane 50 6 8.7 

Achieved real service life of the crane ropes is more than 4 months long. The calculated life of 4 observed 

ropes is higher than actually achieved real life. The dependence of real lifetime on a specific load and 

pressure between the rope and pulley, respectively drum, but it is not objectively ascertainable. 

An example of the casual dependence of forming negative phenomena during the rope’s operation and 

some of its conditions, are given in Table 5 3, 4. 
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Table 5 The casual dependence of negative phenomena during the steel wire rope’s operation 

DANGER ENDANGERMENT INITIATION DAMAGE HARM 

operational 
conditions 

humidity 
corrosion 

environment, time, 
degree of corrosive 

damage 

fracture wires in the 
rope 

fracture of the rope, 
falling of the load, 

possible injury, 
damage of the device 

under the load 
touching the rope 

pulley wear 
various material rope 

and pulleys 

diminishing of the 
cross section, 

fracture 

5. CONCLUSION 

The problem of monitoring of service life is great and extensive. There are many ways of measurement of 

the wire rope lifetime in practice 6, 7. Their detachment depends on various factors. For the crane ropes 

the most detached way can be calculation of specific hoist work, its disadvantage is monitoring a lot of input 

data. It is important to know technical and operation conditions of work of hoist wire ropes. With the lifetime it 

is related safety of operation of wire ropes, which is depended very much on appeared technical risk, which 

monitoring is required by European legislation. Both of valuation indicators are important for steel wire rope 

users, because they can influence operating costs to a great degree. 
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Abstract  

Creation and enhancement of the value for customers on the basis of cooperation of the value network 

entities requires continuous research to find out what attributes of the value for customers make the 

customers buy repeatedly and increase their loyalty to the supplier of raw materials. The thing is that these 

strategic benefits as components of the value for customers lead, on condition the customers are provided 

with them permanently in accordance with their wishes and requirements, to a continuous growth of the 

customers’ competitiveness on the market and to strengthening their position in the industry on the one hand 

and, on the other hand, they also lead to long-term improvements in their economic results. This paper 

summarizes the outcomes of the qualitative surveys carried out in selected enterprises and business 

branches of the chemical industry, focusing on specification of the key strategic benefits leading to creation 

of strong bonds between the chemical industry producers and their customers.      

Keywords: customer value, strategic customer benefits, cooperation of the value network entities, customer 

relations, chemical industry  

1. INTRODUCTION 

In today's highly competitive environment, it is increasingly difficult to increase retention and customer 

loyalty. This can be achieved only by continuous and perfect satisfaction of individual needs and wishes of 

customers, better, more perfectly, faster, more reliably than the competition does. It requires creating and 

constantly strengthening relationships with the customers based on partnership and mutually beneficial 

cooperation [1]. The basis for creating and strengthening customer relationships should be alternative 

concepts and approaches to creating customer value, where the value should be understood in terms of the 

entire spectrum of its dimensions, which should be applied in an integrated way in conceiving the supply and 

operation of the market. In particular, it is important to develop such dimensions and attributes of the 

customer value which lead to repeat purchases and creation of their loyalty to the company and its products, 

i.e. the strategic dimension of the customer value [2]. This issue has not yet been comprehensively 

addressed with due attention in the literature. Individual features of the customer value are usually discussed 

separately without mutual connections. The theoretical part of the paper, therefore, summarizes the various 

dimensions of customer value published in the literature which are then discussed in terms of their impact on 

strengthening customer relationships. Results of primary qualitative research in chemical industry are also 

summarized, with key strategic benefits for the customer first defined in general features, strengthening his 

loyalty, and then results are summarized of the primary research into these benefits in the specific conditions 

of chemical products intended for further manufacturing.  

2. THEORETICAL BACKGROUND  

The customer value needs to be created in much wider dimensions than it is currently applied in routine 

management and marketing practice of enterprises. Due to its complexity, it cannot be built within a single 

organization, but in a close cooperation of all market entities constituting the value network, which can 

intervene in the process of creating this value.  
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Value network is based on cooperation of both external entities (suppliers, service companies, middlemen, 

transporters, immediate consumers, customers of these consumers to the final consumer, but also research 

institutes, universities, state and local government, etc.) and the various departments, divisions, sections, 

employees within the company. All these entities build relationships, maintaining them, and strengthening 

them in order to produce the highest possible value for customers so that customers repeatedly buy products 

from their suppliers and become loyal to their suppliers. This cooperation leads to better economic results 

and growth of performance of all subjects in the value network. Operational partnerships encompass a wide 

variety of value-creation processes, e.g. research and development, procurement, production, marketing, 

investment, employment, logistics, etc. [3]. For value network management, partnership's coordination 

mechanisms are aimed at integrating value creation processes in R&D, production, logistics, and services. They 

exist in the form of information sharing, collaborative operations, joint ownership of investment, among others [4], 

and these coordination mechanisms resemble features of vertical integration. Creation and improvement of 

customer value within the value network should be linked with the application of network value management 

and comprehension of the key drivers of customer asquisition, retention and expansion [5].  

2.1  Aspects of customer value in the value network 

Customer value has a number of distinctive features and aspects that need to be respected in the process of 

creation thereof and improvement thereof in cooperation among entities in the value network.  

There is a general consensus in the literature that customer value is determined by the perception of 

customers, not by assumptions or intentions of suppliers [6,7]. An offer, product and services should not be 

defined from the manufacturer's perspective, but from that of the customer. Therefore, it is necessary to 

determine consumers' views on the product or service, their subjective evaluation of the offer. 

Customer value is based on goals, objectives and preferences of customers affected by individual values 

that ultimately decide whether the results (products and services) are desirable to the customer or not. 

Based on their individual goals and preferences, customers evaluate the product attributes, performance 

attributes and consequences of the use or consumption of the product in terms of how they help (or block) 

achieving the customer's goals and objectives in its use [6,8]. This is the reason why the basis of value 

management is a thorough knowledge of and understanding of the needs and preferences of customers.  

In creating customer value it is necessary to see goals and preferences of not only immediate consumers, 

but also their customers, to final consumers, because end users are those any business, even if indirectly, 

serve. It requires recognizing and understanding the goals and preferences of all subjects in the customer 

network [9].  

Customers perceive the real value that they receive not only on the basis of comparison with their objectives 

and preferences, but also with other products on the market. Customer value and its attributes is therefore 

interactive and relativistic [10] and varies with the development of customers' requirements depending on 

changes in the environment and customer behaviour.  

It is generally believed that customer value is dependent on more than one attribute [11]. These attributes 

are divided on the benefits (contributions) and sacrifices of the customer, where the individual contributions 

and sacrifices are further distributed to individual attributes of customer value [7,12,13]. To create customer 

value, it is useful to perceive in what dimensions customer benefits and sacrifices should be perceived.  

2.2  Dimension of customer value attributes 

Lostakova states that in creating customer value one should, from the material point of view, pay attention to 

all the components of the offer, because they all mean customer value at the same time [14]. She divides the 

product into the core of the product, representing the benefits of the product, better than those provided by 

competitors; tangible product in terms of breadth and depth of the product range, quality, packaging, 
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labelling, additional equipment, style and design of the product and complementary products; services and 

operating procedures in the form of counselling before the sale, service during the sale, after-sales service, 

warranty, return or exchange options, levels and forms of communication, means of distribution, payment 

and delivery terms, price level, possibilities of discounts, samples, etc.; brand, image of the producer and 

other entities of the value networks, culture of relationships within the value network, tradition.  

Another view of the customer value dimensions offers specification of the value as a set of tangible and 

intangible benefits [15,16]. Seth further divides the set of customer value attributes into five types of 

customer value attributes, namely functional, representing benefits perceived by senses (attributes of the 

product); social as benefits associated with the image and symbolism (positive or negative) associated with 

integration into society; emotional to induce feelings or affective state (excitement, fear); epistemic, evoking 

curiosity, novelty, satisfaction and desire to know, and contingent, arising from a specific situation in the 

physical or social context [17]. All authors agree that it is in connection with the development of cooperation 

in value networks where the importance of intangible attributes in creating customer value grows.   

For creating value within cooperation of entities in the value network, another dimension of customer value 

attributes is very valuable, their division into transactional and relational benefits. Transactional benefits have 

short term effects on customer relationship while relational benefits lead to repeated purchases and loyalty 

[18]. Relational benefits are sometimes called strategic benefits, since they lead to the creation of a common 

strategy and partnership of entities in the value network.  

In order to build and improve customer value one should also think in terms of the dimension of value 

attributes, relating to the benefits reflecting the degree of novelty and surprise for the customer. The 

foundations of these ideas were laid by Levitt [19], who defined the level of product offering as generic, 

expected, augmented and potential.  

In our opinion, when creating and improving customer value on the basis of collaboration of value network 

entities, one needs to think in all the above dimensions. 

3. PRIMARY RESEARCH RESULTS  

Primary qualitative researches, carried out in 2012 in companies across several industries, were focused 

among other things on detecting attributes of customer value, which lead to strengthening customer 

relationships and increase loyalty through the cooperation of the value network members. The research was 

also conducted in selected branches of the chemical industry, relating to explosives, pigments and dyes, and 

inorganic and organic specialties. Interviewed were heads of SBU, managers of marketing, R&D, sales, 

quality control, managers and engineers of production, purchasing and service. The research has shown that 

it is necessary to improve the mainly the following categories of benefits:  

 The overall quality and image of the company and other actors in the value network with customers. 

Customers appreciate the tradition of the supply company as well as other cooperating institutions of 

manufacturers and providers of products, long-term positive customer experience with the company, 

high-tech products, high technical level of mastering of technological procedures of manufacturers, 

and a positive image of all partners.  

 Customer-oriented corporate culture of the company and management style. For strengthening the 

relationship with customers, democratic (partnership) customer-oriented style of the company 

management is beneficial, a high level of mutual awareness and cooperation with internal 

departments in serving customers, a high degree of cooperation and interdependence of the company 

with all external value network entities (suppliers, distributors, service companies, etc.) in serving 

customers, the company's role as an integrator of entities in the value network in serving customers, a 

developed system and rules for contacts with customers in the company for all departments that come 
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into contact with customers, and a working system for processing and transmission of information from 

the contacts with customers to those departments of the company that need them.  

 Partnership and flexible style of customer service. Strengthening customer relationships requires 

regular contacts with customers, identifying conditions for the use of products, their requirements, 

preferences, attitudes, clarifying changes, etc., creating personal relationships of trust with customers, 

negotiating further contact with the customers at every meeting to ensure continuity of contact with 

them, professionalism and helpfulness of staff in dealing with customers, the ability to offer 

comprehensive solutions to needs of consumers and adapt to customer requirements in all aspects, 

the speed of response, flexibility in dealing with customer requirements, speed of processing a 

transaction, reliability in meeting the requirements and serving customers, prompt response and 

resolution of customer complaints as well as systematic and regular surveys of attitudes (satisfaction, 

willingness to repeatedly buy and loyal) of customers.  

 Interconnection of the company with purchasers. Very effective tools for strengthening customer 

relationships are measures such as the interconnection of information systems with customers, 

sharing customer databases of the purchaser and databases of their customer service, sharing 

information on the quantities of produced products and stock supplies intended for the needs of the 

customer, sharing functional on-line information system with customers to monitor the status of orders 

by all partners, sharing information on the development of the industry and business conditions in the 

various markets, providing customers with the know-how to increase the comfort and efficiency of the 

use products with them, joint research and development of products, adaptation of technologies with 

the customer to the parameters of products supplied by your company, joint testing of products with 

the customer, participation in modernization of plants of the purchaser to increase his 

competitiveness, participation in providing service by the customer for his purchasers, and 

participation in covering the costs of advertising products of the customer, or assistance in the 

promotion of his products with his customers. 

 Sufficient breadth of product range. Sufficient breadth of the range of existing products, enabling the 

use of products in various conditions at suppliers, packaging customization, development of special 

types of products to meet customer needs, rate of modification of the range of manufactured products 

with changing requirements of customers, the ability to supply products along with complementary 

products necessary for the use of products.  

 Ensuring product quality. Customer relationships can be developed also through the provision of 

quality raw materials as a necessary condition for producing quality products through selection of 

suppliers and interconnection with them, high technical level and progressiveness of products, the 

ability to manufacture products with the required quality parameters, monitoring compliance with the 

technological procedures to maintain the quality of production, capabilities to validate the level of 

compliance of quality parameters of products in accordance with the requirements of customers, 

constant level of quality parameters of products in all deliveries, quality of the documentation supplied 

with the products, comprehensive quality management through the certification process according to 

EN ISO 9000, and prompt corrective actions based on identified deficiencies in perceived product 

quality with customers. 

 Sufficient width of the range of services. Customers appreciate the comprehensive provision of the 

product use through a comprehensive system of services such as counselling, completion of delivery 

of the product in one complete shipment, customs clearance, transportation of the product to the place 

of use, cooperation in the dosage and use of products, training of the costumer's staff, etc.  

 Technical equipment enabling flexibility in serving purchasers. Customers appreciate if manufacturers 

ensure flexibility of production equipment to produce products according to specific customer 

requirements, technical quality of production equipment to ensure the required quality parameters of 



 May 15th - 17th 2013, Brno, Czech Republic, EU 

 

 

1998 

products, sufficient storage capacity to respond to customers' special requirements or JIT deliveries, 

strategic distribution of warehouses near customers, equipment quality in storage areas in accordance 

with legislative and safety criteria, availability of suitable transport means for transporting explosives 

according to ADR for road, RID for rail, availability and high technical level of service facilities.  

 Special offers for purchasers. In the chemical industry, for strengthening customer relationships, very 

effective are meetings of top management of the company and the line of business with top 

management of the purchaser's company, meetings of technical and other personnel along with the 

exchange of experiences and practical examples of the use of products, training of purchaser's staff 

on the latest developments in the field, organizing open house days in the company for customers, 

visits to plants, invitations to social events, congratulations to workers from the purchaser's company 

for life events, etc. 

 Affordability. Especially in times of recession, purchasers appreciate affordability of products 

compared to the competition, price differentiation according to the volume of purchases, maturities of 

invoices, delivery conditions, and scope of services provided.  

 Various forms of advertising, PR and sales and loyalty promotion. Promotional activities contribute to 

strengthening relationships to a lesser extent, but it is useful for the company to have presentation on 

the web, publish articles about the company in newspapers, advertise in professional journals, publish 

a company newsletter on market trends and the company or send it by e-mail, hold video conferences 

with customers, fairs and exhibitions, offer product catalogues, send samples, gifts for the customer's 

business executives, small promotional items and loyalty programs in the form of invitations to special 

events for loyal customers.  

4. DISCUSSION OF PRIMARY RESEARCH RESULTS AND CONCLUSION  

In creating customer value with the aim to strengthen relationships with customers and increase their loyalty, 

companies must rely on the overall quality and image of the company and other actors in the value network 

at purchasers and their tradition, because they represent concentrated positive experience promising quality 

and reliability in business relations. Customers also get a higher value if its business partners have a 

customer-oriented corporate culture in the company and the management style. They appreciate being 

served in a partnership and flexible style, company links with purchasers in terms of sharing information, but 

also collaboration in research and product development, technology upgrading and servicing downstream 

customers in the customer chain. They require a sufficient breadth of the product range, so that they too 

could be fast and flexible in meeting their customers' needs, provision of high-quality products, advanced 

technical equipment allowing flexibility in serving the customers, but also comprehensive provision of the 

product use through a comprehensive system of services such as counselling, completion of delivery of the 

product in one complete shipment, customs clearance, transportation of the product to the place of use, 

cooperation in the dosage and use of products, staff training, etc. their emotional adherence and relations 

are also strengthened by special offers for the purchaser, its management and other personnel. In times of 

crisis, it is also affordability of products and services and various forms of advertising, PR and sales 

promotion and loyalty promotion that play a significant role. 

In developing and improving customer value leading to the strengthening of relations with the customers, 

companies need to apply both tangible and intangible benefits, facilitating not only business transactions, but 

also strengthening relationships with customers and building their loyalty. In doing so, it is necessary to 

exceed their expectations and offer them new variants of products and services through a comprehensive 

solution to their needs. Increasingly important are intangible benefits, information and research 

interconnections, services, special offers and benefits arising from cooperation between entities in the value 

network to strengthen the position and bargaining power of purchasers in their markets, which will be 
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reflected in the growth of their revenues, significant cost savings and increased competitiveness in the 

customer network to the final consumer.  
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Abstract 

This article addresses the main factors permitting to achieve supply chain efficiency. From the point of view 

of smart supply chain optimization, it is crucial to develop a framework for identifying important trade-offs 

between production, storage, merchants and distributors, with the purpose to develop a solvable optimization 

problem. In order to control the most impacting factors, it is essential to define and evaluate them in an 

expert manner. The aim of this paper is to decompose individual resilience capabilities until they are 

measurable. On the basis of numerous worldwide sources and expert examination, the following resilience 

capabilities are identified as major soft influencers: adaptability, collaboration, flexibility, visibility.  

Keywords: resilience, resilience capability, adaptability, collaboration, flexibility, visibility 

1. INTRODUCTION 

In today’s environment, management and mitigation of supply chain risks constitute top priorities [1]. As 

companies become increasingly global they get more vulnerable to various supply problems. Thus, the next 

mission for supply chain management is to control the ever-growing frequency and intensity of economic 

disruptions such as currency fluctuations, forecast accuracy, commodity price evolution and workforce 

capacity. Last but not least, because of the increasing centralization natural disasters can have a strong 

impact even upon the world’s biggest car manufactures. There is evidence that the tendency of many 

companies to seek low-cost solutions, due to pressure on margin, may eventually result into a leaner and 

thus a more vulnerable supply chain [2]. Resilient practices thus become crucial for coping with these issues. 

Resilience is defined as the capacity of a system to survive, adapt itself and grow in the face of change and 

uncertainty [19]. An expert selection of resilience capabilities and their subsequent decomposition allows us 

to measure and evaluating their levels.  

2.  RESILIENCE CAPABILITIES ANALYSIS 

The concept of resilience capabilities analysis is divided into three phases. First, based on an overall review 

of available scientific literature, it is possible to compile quite a long list of resilience capabilities. The next 

step in our approach is an expert selection of appropriate resilience capabilities that have a direct impact on 

the key indicators for the supply chain management performance. The selection process is executed at two 

levels involving questioners as well as direct discussion with top managers of leading vehicle manufactures 

and Tier 1 Automotive Suppliers (e.g. Skoda Auto, Volvo, Knorr-Bremse, Valeo, Honeywell, etc.) on the one 

hand, and on the other with the world’s largest logistics providers (UPS, DHL, CEVA Logistics, Expeditors, 

etc.) on the other. The third and final part presents a list of measurements of major resilience capabilities as 

found in the literature [5], [6], [7].  

2.1.  Overall literature review of resilience capabilities 

Each individual feature of resilience capability which is considered as key indicator for further supply chain 

performance is thoroughly analysed [3], [4], [10], [16], [17], [18]: 
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 Adaptability 

 Agility 

 Anticipation  

 Capacity 

 Collaboration 

 Dispersion 

 Efficiency 

 Financial Strength 

 Flexibility 

 Market Position 

 Organization 

 Quick Response  

 Recovery 

 Security 

 Visibility 

2.2.  Expert selection of resilience capabilities 

Results of questionnaire which identifies supply chain performance impact from the point of view of resilience 

capabilities are shown in Table 1. 

Table 1 Expert evaluation of resilience capabilities 

Results of questionnaire: Supply chain performance impact  ( 1 - 5 )

Resilience capabilities Automotive evaluation Logistics providers evaluation

Adaptability 4.3 4.7

Agility 3.9 3.3

Anticipation 2.1 1.8

Capacity 3.2 3.4

Collaboration 4.4 4.6

Dispersion 3.3 3.1

Efficiency 4.5 4.4

Financial Strength 1.8 1.5

Flexibility 4.7 4.5

Market Position 1.9 1.7

Organization 2.8 2.2

Quick Response 3.3 3.1

Recovery 4.1 3.9

Security 2.5 1.9

Visibility 4.4 4.5  

As evident, logistics experts gave the highest evaluation scores to adaptability, collaboration, flexibility and 

visibility. These resilience capabilities are those to which logistics managers pay most attention whereas they 

can hardly influence the others, namely financial strength and company's market share. It is therefore of 

interest to establish measuring indicators for the top-ranked capabilities. That is what we deal with in the last 

section of this article. 

ADAPTABILITY is the ability to modify one’s operations in response to challenges or opportunities [4]. Lead 

time reduction, learning from experience. 

COLLABORATION is absolutely necessary as any single firm cannot possibly be knowledgeable in all 

potential disruptions that may occur throughout the Supply Chain [6] while being able to manage them. 

Collaboration with upstream suppliers can reduce supply (disruption) risk, and likewise downstream 
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collaboration with customers can reduce demand risk [11]. Benefits and cost of using appropriate exchange 

information technology are described in Table 2. The keystones are: collaborative forecasting, customer 

management, postponement of orders, product life cycle management and risk sharing with partners. 

Table 2 Expected benefits of collaborative SCM systems [12] 

BENEFIT 

Phone 
email 

Offline 
auctions 

Web 
based 
entry 

Elec. 
Hub 

portal 

3P El. 
Market 

EDI 
Shared 

collabor. 
systems 

Cycle time reduction Low Low Medium High High High High 

Service level Low Low Medium High High High High 

Market intelligence Low Low Medium Medium Medium Medium High 

Process cost reduction Low Medium Medium High High High High 

Inventory cost reduction Low Low Low Medium Medium High High 

Product cost reduction Low Medium Medium High High Medium Medium 

Overall benefit 
Low Low Low High High High High 

COST 

Phone 
email 

Offline 
auctions 

Web 
based 
entry 

Elec. 
Hub 

portal 

3P El. 
Market 

EDI 
Shared 

collabor. 
Systems 

Integration cost Low Low Low High High Medium High 

Data translation cost Medium Medium Medium Medium Medium High Medium 

Switching cost Low Low Low High High High High 

Partnership instability 
cost 

Low Low Low Medium High Medium Low 

Overall cost Low Medium Low Medium Medium High Medium 

FLEXIBILITY is one of the key components which can be used in order to resilient disruption within any 

supply chain. The main idea is that resources should serve to handle a broad variety of different tasks. 

Flexibility increases a company’s competitiveness during regular operations while protecting it against 

disruptions [14]. 

VISIBILITY means the traceability of products within the course of their transit from the manufacturer or 

supplier to their final destination [11]. The main factors here include business intelligence, information 

technology, products, assets and people visibility, information exchange. As shown in Fig. 1, the Supply 

Chain Visibility is understood as a baseline for achieving a sustainable SCM. 

 
Fig. 1 Maturity of SCM [15] 
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Information is the power that not only drives business, but given the tools available within our Supply Chain 

IT world it also drives efficiency and profits, while making it possible to expand productivity horizons which in 

today’s competitive environment represents an inevitable approach to survive in a global market. 

2.3.  Measurement of Resilience Capabilities 

2.3.1.  Resilience Supply Chain Management practices 

Resilient approach is the system’s ability to return to its original state or into one requested in the future after 

overcoming a disturbance and avoiding the occurrence of failure modes [10]. Metaphorically speaking, 

resilience in the supply chain can be expressed as the ability of a material to absorb shock without any 

permanent deformation. Table 3 shows a set of principal resilient practices in SC as described in literature 

[8], [9], and [10]. 

Table 3 Resilient practices in the supply chain context [2] 

Resilient supply chain management practices Literature     

Daily internal operations [8] [9] [10] 

Multi-skilled workforce X     

Excess of capacity requirements X     

Postponement     X 

Minimal batch size X     

Strategic stock   X X 

Make/Buy strategy   X   

To Create Supply chain visibility     X 

Lead time reduction   X X 

Supply chain risk management approach     X 

Develop Collaboration across SC     X 

Resilient practices deployed [8] [9] [10] 

Flexible transportation   X   

Demand-based management X     

2.3.2. Selected Resilience Capabilities Decomposition and their Measurement 

Based on the results of questionnaire-based survey and on direct discussion with managers of leading 

vehicle manufacturers and Tier 1 Automotive Suppliers, we selected those resilience capabilities that have 

the most impact and the most potential influence. Subsequently, all listed resilience capabilities were 

decomposed into a measurable degree as part of the Scorecard metric of resilience capabilities.  

ADAPTABILITY: 

 Lead-time reduction (Year-over-Year indicator: YOY per cent change).  

 Customer/market/product diversity (percentage share of the main customer/market/product; 100 %; 

highest risk  minimum adaptability). 

 Innovative technology usage in order to improve operation (ERP, EDI, APS, Tracking/Tracing, etc.). 

 Potential of relocation suppliers (percentage of critical parts with unique supplier; Make/Buy strategy 

 multiple suppliers on critical parts).  

 Potential of relocating employees into different Production line/Business unit of the company 

(percentage of potential employee utilization in other production lines  employee versatility). 

 Learning from previous experience - Root Cause and Corrective Action (RCCA) at place (target: 0 % 

of identical problem recurrence).  

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=4&ved=0CEMQFjAD&url=http%3A%2F%2Fwww.pti-inc.com%2FCourses%2Frootcause.html&ei=Oon1Ua3VGIfM0QXN2YCQDg&usg=AFQjCNHRelhSNC0xmy7qpHjEaGBQULA1fA&bvm=bv.49784469,d.d2k
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COLLABORATION: 

 Cooperation with similar domestic and foreign companies (Near shore/Off shore). 

 Identification and satisfaction of customer demand (CSAT - 100 per cent customer satisfaction). 

FLEXIBILITY: 

 Multiple sourcing (percentage of critical parts with unique supplier). 

 Flexible contracts with suppliers (10Y, 5Y, 3Y and 1Y contracts usually contain a YOY productivity 

improvement).   

 Requiring suppliers to maintain customer/market diversity (percentage share of the main 

customer/market). 

 Redesign imported parts in accordance with domestic capabilities [17]. 

SUPPLY CHAIN VISIBILITY: 

 Total amount of visible information. 

 Accuracy of the overall visible information (%). 

 Freshness of the overall visible information (1 - Not updated regularly, 2 - Less than once a day, 3 - 

Daily frequency, 4 - (1-6 hours) delay, 5 - Real Time). 

 Quality of the overall visible information.  

3.  CONCLUSION 

The ability to make right decisions on short notice in order to coordinate a complex array of activities among 

various partners is of great importance. This has a major influence on a company's productivity, profitability 

and its ability to remain competitive in the long run. The next step to be taken by manufacturers is to 

understand their needs and weaknesses in order to improve their operations performance and effectiveness 

while being able to move forward from the reactive mode of dealing with disruptions toward proactive 

planning and proactive management. Developing the key resilience capabilities, as described above, and 

assessing their level ranks among essential strategic competences of today's companies. 
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Abstract  

In today's highly competitive market environment it now appears insufficient for a firm to endeavour to 

deepen and strengthen relations with direct customers only. It is increasingly clear that the higher effects can 

be achieved by engaging in value networks and by developing cooperation with other entities of the network 

in order to provide greater value to the end customer. However, this way of thinking has not been 

satisfactorily implemented in Czech industrial enterprises (including metallurgical and chemical ones) yet. 

The paper presents results of primary qualitative researches focused on capturing the present form and the 

way of cooperation in selected value networks. The paper first presents the form and current mode of 

operation of selected value networks, and subsequently barriers are specified for further development of 

cooperation in these networks. The research results are reflected in the draft recommendations for 

improvement. The proposed improvements should contribute to higher connectivity of entities and processes 

in the value network and to coordinated value creation management for all customers in the network. The 

proposed recommendations are generally usable, even in networks involving enterprises of metallurgical and 

chemical industries.   

Keywords: value network, value network strategy, subjects of value network, cooperation 

1. INTRODUCTION 

The current market environment can be described as highly competitive, globalized, increasingly based on 

knowledge and development of communications and information technology, etc. These facts lead ultimately 

to incessant changes in which businesses must react quickly and flexibly. In order to acquire certain stability 

in this turbulent environment, companies are focusing more than ever on creating powerful, personalized, 

long-term relationships with business partners. Even as ordinary consumers we are certainly aware of the 

shift in the behaviour of actors in B2C markets, rewarding repeat purchases and brand loyalty, not just new 

customers.   

The basic prerequisite for the stability and development of relations is their advantageousness for both 

partners based on trust and strong emotional ties. Only then can the partners share information and 

collaborate in creating value so that the offer meets the customer's expectations as well as possible, flexibly 

and comprehensively addressing their needs and requirements, both overt and latent. Buyer-supplier 

relationships in current market conditions are often described as becoming closer and terms such as 

partnerships and alliances are being used to be contrasted with the traditional spot market exchange [1]. The 

aim is to achieve higher forms of cooperation that generate to both parties otherwise unattainable benefits in 

terms of strengthening their position in the market. Under current conditions, relations between the seller and 

the buyer actually represent some of the most important assets of a company and should be considered and 

treated as other types of investments [1]. Benefits derived from partnerships are those that support the 

realization of strategies designed to secure competitive advantage for both partners. The supplier’s 

competitive advantage is derived from supplying benefits that are valued by the client firm, which in turn 

mailto:zuzana.pecinova@upce.cz
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create commitment, while the client firm’s competitive advantage is derived from using those benefits 

provided by suppliers [2]. 

In these conditions, superior customer value is considered a key driver of satisfaction, loyalty and retention 

[3]. Value creation must therefore be seen as a problem-solving process that is co-created through 

interaction, where both parties contribute and integrate resources [4]. In order to co-create effective 

customer-focused solutions, firms need to create a fit between not only the offering and the customer need 

and value expectations, but also between the goals, preferences, and resources of the supplier firms [5]. The 

task of the customer is to contribute to the co-creation by communicating their needs and industry knowledge 

[4], as the customer's participation in the creation of value increases the likelihood that the customer will be 

satisfied/pleased, which creates conditions for further development of relations and desirable behaviour of 

the customer in the form of repeat purchases and increase in loyalty. The basic benefits of such a solution 

are, in addition to monetary benefits, also aplomb, reliability and usability, brightened image and compatibility 

of future solutions [4].  

The need to better anticipate changes in the market environment and quickly adapt to them, however, 

requires multilateral cooperation among all those involved in the creation and delivery of value. It is from the 

uniqueness of the network of partners, their activities and relationships that much of the competitive 

advantage currently stems. Multiparty collaboration is critical to the effective solution of complex problems 

and continuous adaptation to changing environments. Further, new organization designs demand changes in 

managerial attitudes and abilities that historically have taken decades to gain widespread acceptance and 

implementation [6]. 

The aim of this paper is to describe the current form and way of cooperation in selected networks, specify 

the possible areas of cooperation and the main factors that hinder its further development, and outline 

possible ways for improvement. The aim will be achieved based on the literature search; also, the results will 

be presented and analysed of two primary qualitative researches in selected industrial enterprises.  

2. VALUE NETWORK AND COOPERATION IN THE VALUE NETWORK 

Strengthening the position of customers is reflected in the growth of their demands on the size of the 

perceived value with the current tendency to reduce their retention and loyalty. Only a closer cooperation will 

allow flexibility in responding to changing market demands while maintaining business efficiency. 

Development of relationships and growth of interdependence among businesses is therefore a characteristic 

feature of the current business world [7]. Offering superior value is a necessary but not sufficient condition 

for the development of relationships under these conditions. Satisfaction with the supplier will only translate 

into commitment if the purchasing relationship is characterized by trust [8]. 

2.1  Value network and cooperation in the value network - theoretical background  

Customer value is created by a whole complex of different components in the form of product characteristics, 

service quality, employee behaviour and other factors that satisfy the wishes and needs of customers, and 

for which they are willing to pay. A tool that allows businesses to identify ways and means to increase the 

customer value, analyse the role of individual subjects in its design and delivery and set the optimum shape 

of their activities and relationships in order to generate the highest value is the value network. It is based on 

the assumption that total value creation will be greater and faster in organizations that create value 

collaboratively, both within and across firms [6].  

Value network is a system of a number of enterprises or their parts that are collectively trying to gain a 

competitive advantage by creating relatively stable relations among legally separate, but usually 

economically dependent entities for the purpose of joint creation of a higher value [9]. Characteristic features 

of the value network are cooperative activities and relatively stable relationships between the entities. It is a 
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set of relatively independent units that can be controlled independently, but operate together under certain 

rules [10]. Networks are therefore referred to as specific relations between entities, whereby the usefulness 

is determined by a common goal to create the customer value, they are a system of partnerships and 

alliances, based on varying degrees of integration.  

Construction, efficient functioning and stability of the value network requires a shift in thinking of their 

members from a focus on self-interest to considerations of each member's contribution to maximize 

economic, environmental and other benefits for all members of the value network [11]. The aim of the 

connections is to achieve the best outcome for the entire network, including the final customer [12]. 

Enterprises must therefore consider which links could benefit from the product offer and also add a certain 

value, while the other links should be excluded from the network [13]. Value network should be organised to 

ensure the best resource combination for each customer project, avoid conflicts or turn them into fruitful 

sparring, and respond to varying customer preferences in a flexible manner [5].  

The basic prerequisites for effective functioning of value networks are mutual trust, equitable division of 

benefits and tasks among partners and fair behaviour of stronger partners towards the weaker [14]. 

Therefore, value creation in a relational context can be characterized as a process dependent upon 

interaction and dialogue between buyers and sellers that builds and sustains mutual commitment [15]. The 

shift from the ordinary cooperation lies in the fact that each link focuses on its most important qualifications 

while relying on the network of its partners in other activities. This should lead to the optimal fulfilment of the 

interests of all participants [12]. The effective functioning of the value network requires a qualitatively higher 

level of cooperation that is based on openness between partners and sharing of information necessary for 

achieving a common goal. Therefore, all the actors in a business network should have a shared view of the 

type of solution needed, the operations and processes required for its creation as well as the intended 

outcome [5]. It is argued that close and stable relations facilitate sharing of knowledge and risks [16]. 

Development of cooperation in the value network gradually passes through qualitatively different stages, 

which differ in the extent of cooperation closeness from communication based on information sharing, 

through coordination of regular decision-making processes to make them faster and more accurate, through 

deepening coordination including strategic decisions and promoting of innovation, to partnership which 

involves extended financial linkages, such as sharing of investments and profits [17].  

There are many reasons why businesses get involved in value networks. By engaging in an 

interorganizational network, firms gain access to new knowledge, resources, markets and technologies [18, 

19, 20]. It is primarily to increase the chances to successfully introduce new products, expand markets and 

gain access to new markets, reduce production costs and investment risks, improve know-how and image or 

take advantage of joint purchasing and logistics. Information sharing and other forms of cooperation not only 

allow businesses to better understand customer needs and requirements, use experiences, practices and 

solutions of partners, but also to compare and analyse the results in order to improve their own performance 

within the network.  

Effective cooperation is not possible if there is no integrative link that integrates appropriate entities (the 

strategic level) and coordinates the activities of individual members to achieve a common goal on the 

principle of profitability for all members. System integrator integrates components, technologies, skills and 

knowledge from various organizations into a unified system [16]. Relationships in the network must be 

focused on cooperation and collaboration rather than domination and control. A lack of trust is among the 

most frequently cited reasons for failures in organizational cooperation [18].  

2.2  Cooperation in the value network - practical examples  

The primary qualitative research focused on the shape of the value network and extent and preferred forms 

of cooperation among its members and barriers for further development was realized in the first half of 2012 
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in selected enterprises of various industries. The presented research results are related to two companies, 

whose basic common features are these facts - they carry on business in the fields significantly regulated by 

legislation, they are not key players in the market in the line of business and they are not interconnected with 

their business partners in terms of assets.  

The first research was conducted in a relatively small company with almost 20 years of experience, which 

makes freely available pharmaceutical products (medical preparations, cosmetics and health supplements), 

i.e. products for final consumption. The range of its products comprises nearly 200 products that are sold in 

pharmacies. Competition in the field is considerable. A competitive advantage is the ability to respond 

flexibly to the demands and needs of customers in a wide range of products produced in small quantities. 

The company normally collaborates with suppliers, in terms of research and development with a university 

and a hospital. Products are sold to distributors of pharmaceuticals that provide the physical distribution 

according to the needs of pharmacies. To a small extent, the sale is carried out through an online shop or 

direct sale in the company outlet. Sales representatives play an important role, providing a direct link 

between the company and pharmacies.  

In relation to suppliers there are no deeper forms of cooperation based on, for example, sharing information 

about customers or inventory, or cooperation in marketing communications, staff training, etc. Distribution of 

products is provided by large pharmaceutical distribution companies. Closer cooperation takes place with the 

distributor, with whom the enterprise has a consignment store. The company regularly receives information 

from distributors about the size of sales by pharmacies, additional information is not shared, and neither is 

any joint action carried out towards the end customers. Distributors independently of the manufacturer 

prepare their own sales support programs. The company cooperates with pharmacies through sales 

representatives. They provide not only special offers and orders thereof, but also communication with 

customers (pharmacies), sales promotion (samples for end customers), etc. For the physical distribution of 

such goods, a distributor of consignment stock is preferred, which brings benefits to both parties (security of 

supply to pharmacy for the manufacturer, sales growth for the distributor). The cooperation in this case is 

narrower than with the other distributors, where the level does not exceed normal commercial relations. The 

value added of the distributors is in a quick and flexible response to customer demands, which brings 

savings in inventory costs to the pharmacies without compromising the satisfaction of end customers. With 

the exception of samples and promotional discounts to the pharmacies (which are provided to final 

customers), the enterprise does not participate in strengthening the customer-pharmacy relationship. The 

enterprise communicates with end customers only when they buy products in the company outlet, online 

shop or through the website. The company offers these customers a loyalty program. The company gets 

feedback in surveys with distributors, from the pharmacies through sales representatives. The company does 

not perform researches focused on satisfaction and preferences of end consumers, it obtains direct 

consumer response only from the company outlet and the Internet, indirectly also from pharmacies.  

The other research was conducted in a large chemical company with a long history, which produces a wide 

range of products in many lines of business. The research results are presented for production of pigments 

for printing inks. The company's products are intended for further processing, most of the production is 

exported. The products are supplied as a feedstock to manufacturers of printing dyes; printers are another 

link in the processing chain, being followed by manufacturers of products for final consumption (furniture, 

flooring, food labels). It is a line of business in which quality service and application consultancy has a 

significant impact to the size of the value perceived by the immediate customer. Merits of the company may 

be seen in its flexibility, complete quality service, wide range of applications and technological know-how. 

Between direct purchasers and the company there are material and information flows, between the following 

articles in the network there are only material flows, and between the company and government institutions 

and research groups there are only information flows. The products are delivered direct to immediate 

customers primarily through distributors. The company stands at the beginning of a relatively long 

processing chain, but with the exception of the immediate customers, it is not in contact with the adjacent 
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links, it does not know their problems and needs and does not cooperate with them and, therefore, it is not 

able to effectively influence the creation of value for the end customer. With its suppliers (mainly foreign), the 

enterprise cooperates normally. 

In terms of strengthening the competitive position of immediate customers in the market, cooperation is 

significant in research and development to address specific customer needs and service, which results from 

the nature of the products supplied. In terms of strengthening long-term relationships, it is also important to 

adapt the packaging to the customers' needs. It increases the perceived value for the customer as a result of 

the cost savings; the enterprise benefits from greater customer's dependence on the supplier. The 

relationships are also strengthened through communication with customers, co-operation in the field of 

quality management, inventory management (offer to create reserves for unexpected customer orders), or in 

the transportation of products.  

3. DISCUSSION OF RESULTS  

The advantage of the first company is that it is the next manufacturing link in relation to the customers. The 

managers believe that the degree of cooperation with suppliers and customers corresponds to the market 

conditions. The management evaluates the level of cooperation with distribution links relatively positively. 

The consignment store allows the company to monitor the level of consumption and the amount of company 

inventory of products at the largest distributor. Sharing other information is not possible in the managers' 

opinion, nor is it desirable under current conditions. The company gets important market information by itself 

through its sales representatives. Similarly, in relation to the suppliers, the company sees no sufficient 

potential in the benefits of sharing information (for example on the demand for their own products) or a space 

for collaboration beyond the level of normal commercial relations. The company focuses on strengthening 

relationships with pharmacies, which represent a direct link between the company and the end customer. 

Although the company is under intense competitive pressure, it sees no opportunities for closer cooperation 

in the creation of value either in relation to suppliers, or customers. Relationships between the entities are 

not good enough to share sensitive information; the company does not have the economic strength nor the 

ambition to integrate the entities with the aim of achieving higher forms of multilateral cooperation.  

In the case of the other company, the situation is more complicated. Position in the supply chain, together 

with a large share of exports to relatively anonymous markets (the company knows, in many cases, only 

distributors, not users of its production), worsens conditions for multilateral cooperation and promoting 

deeper forms of integration at other than the bilateral level with the immediate customers. The company sees 

barriers mainly in the lack of trust among the partners (it is not possible to share sensitive information, as it 

can be misused), in the threat of damage to the reputation of the company (thorough improper use of 

products or poor quality production of the buyer) or in the legislative restrictions to mergers. The REACH 

legislation and other restrictions relating to the protection of the environment worsen the position of 

European exporters and create additional barriers to multilaterally beneficial cooperation with suppliers and 

customers. Relationships among the entities are not good enough to share sensitive information; the 

company does not have the economic strength to integrate the entities with the aim of achieving higher 

forms of multilateral cooperation.   

4. CONCLUSION 

The main reasons for joining the network are the expected benefits arising from access to new knowledge, 

resources, markets and technologies that the partners share, that is why value networks are characterized 

by cooperative activities and relatively stable relationships among the entities. However, as mentioned 

above, it requires trust among members, equitable division of benefits and responsibilities among partners 

and fair behaviour of stronger partners towards the weaker ones. The results of the research, however, show 
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that in the examined companies cooperation is developed essentially only at the bilateral level. However, the 

degree of interconnection does not reach the level of information sharing. For development cooperation, 

there are a number of barriers, many of which the missing coordination link would be able to remove, which 

would create an integration strategy and network on the principles of mutual benefit. The perceived need for 

greater multilateral cooperation on the principles of the value network is inherently superior with an entity 

being at the beginning of the supply chain, which is typical not only for most enterprises of the chemical, but 

also of the metallurgical industry. In them, it is therefore also greater potential for increasing the provided 

value thorough integration into networks.   
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Abstract  

Moravian Silesian region, Czech Republic is typical of coal mining and mining gas occurrence. The gas is 

during the coal mining drawn and further it is exploited as degasation gas. As the mine is closed, the gas is 

not drawn and it moves freely to the surface which might present a danger of exploitation in the 

concentration of 5 - 15 % CH4 in the air. Methane is the second significant substance in emission causing the 

greenhouse effect. One of the possibilities of energetic utilization is the gas exploitation for metallurgy. As 

gaseous alternative fuel for blast furnace, it would present an economic alternative for coke savings.  

Keywords: waste mine gas, alternative fuels, emission 

1. INTRODUCTION  

The inhibition of mining brings about many of risks in Ostrava-Karviná mining district (OKR). The main risk 

consists in the outlet of waste mine gas (WMG) from the closed mines. The main component of this waste 

mine gas is methane (30 - 47 %), the second significant substance in emission causing the greenhouse 

effect. Suitable closing shafts it is possible to get through the use of technical equipment a relatively 

significant source of energy. As is well known, that the OKR larger quantities of degassing boreholes were 

established to protect the atmosphere and settlements. 

Development of residual gas capacity at the Paskov Plant (Paskov Mine) after its closure in 1999 shows Fig. 

1. Here during 11 years the residual gas capacity (VMG) grows [1]. 

It offers therefore a logical question, whether the gas drained by these boreholes can also be economically 

exploited. One of the possibilities of energetic and economic utilization is the gas exploitation for metallurgy 

as substitute fuels. 

 

Fig. 1 Development of residual gas capacity at the Paskov Mine 
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2. POSSIBILITIES OF UTILIZING WASTE MINE GAS IN BLAST FURNACE 

Reduction gas originates directly in a blast furnace during blast-furnace process, mainly in front of the 

tuyeres. Not only conventional metallurgical coke is used as carbon and hydrocarbon carriers with the blast 

furnace but also alternative fuels such as various kinds of oils, tars, modified plastic material or coal dust [2]. 

Fossil fuel is the main source of greenhouse gas emissions for steel plant, especially for ironmaking [3]. 

Methane contained in the waste mine gas reacts with oxygen of the blast-furnace wind according to the 

reaction  

(1)             kJ 41994 -      H                                     CO  H 2  O 
2

1
  CH o

298224 

however, CO2 and H2O are temporarily formed, as well. In the case of using coke, combustion of 1 kg of C in 

a current of unenriched wind will give 5.21 
3

om  of gas, and in the case of using methane, it is 9.1 
3

om . 

Adding of carbon gas causes the following technological effects: saving of specific coke consumption, 

increasing of richness of the mixture by lower need for basic slag formers and increasing of specific 

occurrence of gas in the lower part of the furnace, reducing of specific occurrence of slag, combustion 

temperature before tuyeres, changing of counter-current intensity and gas flowing structure  in the lower part 

of the furnace, changing of lower zone permeability and fuel combustion intensity [4]. 

Methods of the evaluation of application of waste mine gas during iron pig production results from general 

elementary relations of determination of costs on blast-furnace process and from simulation results and 

practical tests when gaseous alternative fuel is added. The eco-innovation in connection with metallurgical 

products means technical, organizational and marketing changes [5]. 

The conventional route for making steel consists of sintering or pelletization plants, coke ovens, blast 

furnaces, and basic oxygen furnaces [6], [7]. 

Recent research studies show that the steelworks management should: seek opportunities, focus on the 

revealed opportunities, improve marketing and develop their technological capabilities [8]. 

From the economic point of view saving of coke specific consumption is dominant. Coefficient decreases 

with the growth of the specific consumption of fuel (it is influenced by changes of the structure of gas flow in 

the lower part of the blast furnace). Methane content has significant influence as well. Nevertheless with the 

lower content ballast nitrogen content is increased at the same time and this finally results in reducing coke 

savings. 

Increase of charge abundance is a secondary impact of the saving of coke specific consumption. It follows 

from reduced need of basic substances in sinter and it also maintains lower sulphur input from coke dust 

(gaseous fuel does not contain remarkable sulphur). 

When influences of coke savings and reduction of basic substances in the charge are combined specific 

occurrence of sinter is decreased. This fact reduces a negative influence on contra-flow in the lower part of 

the blast furnace. All mentioned changes arising from WMG injection can be determined on the basis of 

material and heat balances. Dominant influence of cumulative substitution coefficient was considered for 

economic calculations. 

Structure of gas flow in the lower furnace part depends on centre shape, combustion centre size, softening 

zone shape and sinter creation. Generally it can be expected that deterioration of permeability in the initial 

phases that are sufficiently off congestion (critical porosity) leads to flow equalization along the furnace 

cross-section. It can lead to the improvement of the substitution coefficient.  

http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Sintering
http://en.wikipedia.org/wiki/Pelletization
http://en.wikipedia.org/wiki/Coke_ovens
http://en.wikipedia.org/wiki/Blast_furnaces
http://en.wikipedia.org/wiki/Blast_furnaces
http://en.wikipedia.org/wiki/Basic_oxygen_furnace
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3. REALIZATION OF ADDING WASTE MINE GAS AND CHANGES OF ECONOMIC PARAMETERS 

Realization of adding WMG causes also changes of economic parameters: necessary investment and 

operation costs becoming evident in the amount of depreciation, expenses on maintenance and in an 

increase of operation costs. Results of calculations are mentioned graphically in the Fig. 2. 

 

Fig. 2 Economic savings for injecting gas into a blast furnace [9] 

It is obvious from the running of the curves that a significant decrease of costs occurs in all investment 

variants when minimum amount of injected gas of about 2000 Nm3  hour-1 is exceeded. While adding the 

natural gas is actually the least favourable option because of the high price (but still advantageous), 

elimination of nitrogen from the common WMG seems to be the most advantageous option [9]. From the 

above mentioned follows that injection of alternative fuel does not solve only reduction of costs but it also 

solves the problem of disequilibrium or lack in need of blast-furnace coke. 

It was carried out analysis of sensitivity to the changes of decisive parameters for WMG option and injected 

amount of 10000 Nm3  hour-1. The results are mentioned in the following Table 1. 

Table 1 Analysis of sensitivity to the changes of decisive parameters 

Changing the parameter Economies decrease 
(CZK  t-1pig iron) 

Coke price decrease 500 CZK  t-1 17.24 

Decrease in the coefficient of substitution 8.31 

WMG prices increase 200 CZK Nm-3 16.23 

Investment costs exceeding 5 million CZK 0.94 

To make a final decision about an investment on the gas adding it will be decisive the prognosis of 

development of coke price and price of injected gases, eventual exceeding of investment costs is less 

important. 

4. CONCLUSION 

This article presents economic evaluation of utilizing the WMG from OKR in the blast-furnace production of 

iron. However, it is also important that the injection of the substitute gas fuel not only brings a cost reduction, 

but it also resolves the problems of CO2 emission. Prognosis of the traditional alternative fuels is much 
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easier where the prosperous experiences with operation under various conditions are on the other hand the 

advance technological estimation of the replacement coefficient is always very problematic in case of not 

traditional fuels. Increasing of efficiency of metallurgical technologies together with decreasing of emissions 

are the most important tasks in abroad and in the Czech Republic for the time being. 
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Abstract  

In conditions of strong competition on the market and very quickly changing external environment, 

enterprises are constantly searching for new methods, tools and solutions which guarantee sustainable 

development. Enterprises are beginning to pay more attention to cost management, economic effectiveness 

and performance of business processes. Processes have become the key element of the contemporary 

enterprise. The modern structure is built around processes, which are treated as dynamic objects around 

which to build a system of relationships within an organization. A process can be defined as a set of 

sequential steps that are associated with the cause-effect dependencies or a series of activities or tasks that 

leads to the creation of a specific product. The current competitive context puts manufacturers under 

increasing pressure to provide products that meet the particular requirements of individual customers, calling 

for high flexibility in business processes. In this paper a new approach to performance management is 

proposed. The main goal of this paper is to investigate the possibility of using Key Performance Indicators 

(KPI’s) to measure and assess performance of metalworking processes. These indicators help to guarantee 

appropriate degree of product quality, execution time and costs of metalworking processes and assess the 

level of accomplishment of objectives including different kinds of indicators. Consideration of KPI’s in the 

decision-making process allows permanent monitoring and control of the strategy realization of the company 

in day by day decisions and help to build sustainable development.  

Keywords: key performance indicators (KPI’s), metalworking processes, decision-making process, 

performance management 

1. INTRODUCTION 

The progress of globalization has led to industrial enterprises forming different kinds of collaboration links [1]. 

Strong competition in the market and a very quickly changing, uncertain, multicultural external environment 

has created new conditions of enterprise functioning [2]. Nowadays, industrial enterprises have to care not 

only about survival, but also about their sustainable development. They need to quickly create strategies 

which can make the most of every opportunity in the market. This means that new methods, tools and 

solutions are being sought, which guarantee and help companies to quickly realize new or frequently 

changing strategies. 

The current competitive context puts manufacturers under increasing pressure to provide products that meet 

the particular requirements of individual customers, leading to the development of a sector of specialized 

enterprises which manufacture their products based on production orders (known as make-to-order 

manufacturing - MTO). Low cost and short lead times of production orders are key success factors in the 

MTO. 

Modern structures are built around processes, which are treated as dynamic objects around which to build a 

system of relationships within an organization. This increases demand for high flexibility in business 

mailto:a.saniuk@iizp.uz.zgora.pl
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processes [3]. Enterprises are beginning to pay more attention to cost management, economic effectiveness 

and performance of business processes, therefore the role of performance management has increased. 

One of the possibilities to measure performance of metalworking processes is the use of key performance 

indicators. This solution allows different kinds of indicators to be applied to measure cost, quality and time of 

metalworking processes. These indicators help to monitor and control the expected level of realization of 

these processes. 

In this paper a new approach to performance management is proposed. The paper concerns the problem of 

assessment of metalworking processes in enterprises which manufacture functional products made from 

metal. The main goal of this paper is to investigate the possibility of using Key Performance Indicators 

(KPI’s) to measure and assess performance of metalworking processes, in order to help to guarantee 

appropriate degree of product quality, execution time and costs of metalworking processes and assess the 

level of accomplishment of objectives including different kinds of indicators. Consideration of KPI’s in the 

decision-making process allows permanent monitoring and control of the strategy realization of the company 

in day by day decisions and helps to create sustainable enterprise development. 

2. PERFORMANCE MANAGEMENT APPROACH 

Performance Management (PM) is a concept of management which focuses on providing employees with 

information necessary for the effective performance of their duties. According to M. Sumiński the main goal 

of PM is the integration of all the financial and operational data, ensuring its quality, reliability and availability 

[4]. PM includes the area associated with the planning, measurement and evaluation of the effectiveness of 

the organization [4].  

Effectiveness is defined as the relation between the achieved results and used supplies [5]. Effectiveness of 

production processes in industrial enterprises means manufacturing high quality products at optimum costs 

and meeting the needs, expectations and requirements of the customer. Consequently, the quality and costs 

are key elements of effectiveness assessment [6]. 

In literature different approaches to assess the effectiveness of the organization are presented, taking into 

account their different aspects. Organization effectiveness measurement systems have, for a long time, been 

based on finance. To date, there are many very advanced systems to assess the financial effectiveness of 

enterprises [7], [8]. However, many experts have criticized the application of solely financial and often 

exaggerated indicators. Achievement of short-term financial results does not guarantee value creation in the 

long-term. This leads to expenses reduction in new product development, process improvement, staff 

development, information technology and systems, databases or customers and market development, which 

can reduce the enterprise’s possibility to create future economic value [9], [10], [11], [12], [13]. 

3. BALANCED SCORECARD AS A TOOL OF MEASUREMENT OF STRATEGY REALIZATION 

Nowadays the most popular concept of multi-faceted assessment of the effectiveness of the organization is 

the Balanced Scorecard, introduced by R.S. Kaplan and D.P. Norton. They defined efficiency as the degree 

of implementation of the company strategy and considered in four different perspectives: financial, customer, 

internal processes and learning and growth [9], each of which should be determined by strategic objectives, 

measures, specific objectives and activities.  

The financial perspective shows how the company is perceived by owners (e.g. shareholders). It is an 

essential element of the construction of the Balanced Scorecard because the defined level of return on 

investment is the most important objective of an industrial enterprise's functioning. The other perspectives 

should contribute to the implementation of the financial perspective’s objectives. There are two main 

mechanisms for the implementation of the financial strategy: to maximize revenues and productivity. The 
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perspective of the customer shows how the enterprise should be seen by customers. The internal processes 

perspective determines which processes should be improved to measure up to the expectations of clients 

and owners. In the perspective of lifelong learning and growth, ways to create the potential for change and 

improvement in the enterprise in the future should be sought. The potential here is understood to mean the 

intangible infrastructure, i.e. employees, organization of information systems, culture, etc. [14]. Sometimes it 

is substantiated to create more perspectives, when there is another significant area for the industrial 

enterprise (for example cooperation with suppliers, relation with society, etc.). 

In formulating the strategic objectives, the respectively correlated indicators for each of the perspectives 

should be chosen which form the Key Performance Indicators (KPIs). Based on opinions from literature, 

implementation of these indicators forces managers to take a comprehensive approach to organization and 

pay attention to the uniform development of the company [9], [15]. 

Effectiveness of the organization should be closely connected with effectiveness of processes which are 

realized within it. The strategic goals of the organization must be clearly converted into operational activities. 

Therefore, BSC is a complex system which enables company strategy to be transformed into a 

measurement system which allows key success factors of the enterprise; identified in the strategy; to be 

monitored and controlled.  

In the proposed approach, developing such a measurement system for strategy realization is suggested. 

This system consists of well-suited indicators in every perspective, according to the strategic goals of the 

industrial enterprise. The financial and customer perspectives have an external nature; whereas internal 

processes and learning and growth perspectives have an internal nature.  

BSC should include 15-20 indicators which are used to measure progress of planned strategy 

implementation. A key element of building BSC is the selection of suitable indicators, which should be 

derived directly from the company strategy. The system should contain short-term and long-term indicators 

which have to form a coherent whole. Indicators should be connected to each other, creating cause-effect 

relationships. Every indicator should be an element of a cause-effect chain, the result of which is the 

improvement of financial results. The quantity of indicators must be limited to the minimum necessary. The 

detailed analysis of higher quantity of indicators is too time-consuming and impossible. BSC integrates some 

key success factors of the enterprise and their measurement, which allows it to quickly create detailed and 

synthetic information. [9], [16].  

BSC describes enterprise strategy to ensure long-term economical results starting from long-term financial 

goals, in connection with necessary activities in the finance area; according to customer needs and 

requirements; in the scope of internal processes; and human resources and systems. Financial goals and 

indicators should play a double role: describe expected financial results of a strategy and establish final 

result for goals and indicators expressed in other perspectives [9]. 

The results of financial strategic goals are most often as follows [9]:  

- achievement of expected increase and structure of incomes; 

- reduction of costs and increased performance; 

- increased use of assets and effectiveness of investments. 

At least some goals in customer, internal processes and learning and growth perspective are needed to 

achieve expected financial results. The most frequently used measures in the four perspectives are shown in 

Table 1. 
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Table 1 Measures in different perspectives 

Perspective Measures 

Financial  Profit, profit rate, cash-flow, ROE, ROA, sales level, participation in market; 

Customer Level of prices, customer rankings, time of order realization, agreement of deliveries with 

orders, participation in market, market share, percentage of customers kept, customer 

satisfaction, brand recognition; 

Internal 

processes 

Length of cycle, production per worker, complaint ratio, percentage of accepted offers; 

Learning and 

growth 

Staff turnover, time of introducing innovation to the market, training expenses, new 

technology expenses. 

Source: own study based on: [6], [17], [18] 

There are three groups of processes in the internal processes perspective: innovative processes; operational 

processes and processes of after-sales service. The enterprise investigates customer needs and creates a 

product or service to meet these needs in innovative processes. Using operational processes, a company 

creates a product and delivers it to a customer. Processes of after-sales service serve changes of cost 

structure, increased value of work, etc. [12]. 

4. ASSESMENT OF METALWORKING PROCESSES 

Assessment of metalworking processes is a difficult according to many aspects which can be monitored and 

controlled, and simultaneously not enough time to analyse. The authors of this paper suggested selecting 

these areas which are directly connected with strategic goals of the enterprise. This solution allows only few 

the significant areas for the enterprise to be monitored and controlled.  

The research conducted shows those indicators for assessment of metalworking processes should be 

created based on the most often used goals of enterprise which are in the following areas: 

 quality of manufactured elements of products (improvement quality of manufactured elements, defects 

reduction, correction costs reduction, quantity of complaints reduction, etc.); 

 timeliness (shorten time of anticipation, shorten time unplanned stoppages, etc.); 

 assets utilization (high supply reduction, overproduction reduction, during production loss reduction, 

etc.) - (see [19]); 

 costs (elimination the redundant processes, improvement of workers productivity, etc.). 

Some strategic goals can concern two or more areas (e.g. improvement of workers productivity can time and 

reduce). In determined areas should be planned indicators. For this reason is needed to choose the 

significant 4-6 goals from all areas. The proposed example of indicators is presented in Table 2. They should 

be measured in the determined period of time for example once a week, month, etc. A key part of 

measurement of these processes is a target value of indicators to plan which allow an enterprise strategy to 

be realized in a given time. 
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Table 2 Proposed example of indicators for assessment of metalworking processes 

Area of assessment Goal Indicator 

Quality Reduction in defects Quantity elements manufactured correctly (without defects and 

rejections) / total orders 

Quality Improvement quality of 

manufactured elements 

Quantity of measurement of finished products / total finished 

products 

Timeliness Shorten time unplanned 

stoppages 

Time of unplanned stoppages / Total working time 

Assets utilization  High supply reduction Inventory turnover of supply 

Assets utilization Increase NCN machine 

utilization 

Capacity utilization NCN machine 

Costs Improvement of 

workers performance 

productivity 

Quantity of manufactured elements on the one workstation / 

quantity of man-hours  

Source: own study 

5.  CONCLUSIONS  

The research conducted underlines that Key Performance Indicators can be applied to assess metalworking 

processes. The Balanced Scorecard approach, as a part of performance management in an industrial 

enterprise, plays a significant role. It not only allows metalworking processes to be monitored and controlled, 

but it is also an element of a complex system which quickly assesses strategy realization of the whole 

company. A key merit of this solution is that strategic goals realization can be measured to such a level as is 

required for and relevant to the company strategy, allowing the industrial enterprise to focus on what it would 

like to achieve in the future. 

In this approach an assessment of metalworking processes is made to the level that is of most importance to 

the enterprise. Implementation of financial and nonfinancial indicators allows assessment of all key aspects 

of enterprise activities. The significant aspects for metalworking processes, as the research underlines, are: 

product quality, assets utilization and process improvement. 
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Abstract  

The cluster concept is becoming increasingly popular as an effective form of business organization. Clusters, 

which are a flexible form of horizontal cooperation among the three groups of players: companies, scientific 

research bodies and public authorities; provide an environment which facilitates the rapid development of 

innovative forms of cooperation between different players. In addition, they form an ideal base for the 

creation of production networks oriented to emerging business opportunities in the market. The submitted 

paper concerns the production flow planning in a set of small and medium enterprises (SME's) functioning 

within regional metalworking industry clusters. Surveys conducted as part of research into one of the Polish 

metalworking clusters underline a need to combine the potential of enterprises in order to manufacture new 

production orders which significantly exceed the production capacity of any single cluster enterprise. In this 

paper, a computer system which allows the integration of cooperating enterprises, sharing of production 

capacity of enterprises and the possibility of production order execution is presented. This system improves 

the productivity of the production resources of metalworking cluster enterprises and has a positive effect both 

on the development of small and medium enterprises belonging to the cluster and the region as a whole.  

Keywords: industrial metalworking clusters, production orders planning, production flow planning, 

prototyping of production networks, SME’s. 

1. INTRODUCTION  

The highly dynamic market challenges and the advantages of the facilities offered by advances in 

information and communication technologies mean that today’s enterprises are increasingly operating in 

networked environments [4], [9]. Nowadays, participation in networks very often plays an important role for 

many organizations, especially small and medium enterprises, which strive to achieve a differentiated 

competitive advantage [3], [8]. Networked companies can increase their benefits through sharing 

competencies and resources [1]. Therefore, the cluster concept is becoming more popular in both the 

scientific and business communities. The potential that lies in the SME sector can, through appropriate 

policies to support the development of regional industrial clusters and the formation of production networks 

within them, provide an additional source of development across the region. This helps to maintain a high 

level of employment and innovation, and develops and improves the competitiveness of businesses 

connected to the cluster [3].  

Nowadays, a very important problem highlighted in literature is the lack of tools supporting the process of 

production orders planning within small and medium enterprises of clusters [5]. This implies a need to 

develop procedures and computer systems that will evaluate the feasibility of a new production order given 

the available production capacity of potential partners (enterprises) of the cluster, and facilitate the selection 

of a set of companies to ensure its realization [3], [5] .  

The production flow planning in the cluster is based, on the one hand, on taking into account the 

requirements of carrying out the planned production order, and on the other hand, the possibilities of 

potential partners (enterprises) [6], [7]. Possibilities for fulfilling the order are determined mainly by the 

available competencies, production and human resources and logistical constraints (transport, storage) in 

the cluster [2], [3].  
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One of the main problems considered is the new production order planning within enterprises of industrial 

cluster which are able to form temporary production networks. This paper presents a prototype computer 

system based on Web-service technology, which allows a set of acceptable variants of temporary production 

networks to be quickly created which guarantee timely new production order execution with consideration to 

capacity, costs and logistical constraints of the cluster. 

2. PRODUCTION FLOW PLANNING IN A METALWORKING CLUSTER 

In the considered case, there is a metalworking cluster, which consists of a set of small and medium 

production enterprises specialized in a limited field of production with specific production capacity and a set 

of transportation enterprises which can guarantee material flow between partners. There is a new production 

order specified by the size of the planned production, given time of execution and intended costs of 

realization (price). The production order realization is described by a set of tasks which are executed in 

various enterprises. Execution of this order often exceeds the potential of a single enterprise, according to its 

production capacity and the technology possessed. In this case, production order planning is based on rapid 

formation of temporary networks within cluster and acceptable variants of production flow between partners. 

Thus, in this paper the following research problem is considered: is there a production network of enterprises 

which can execute production order on time with the assumed costs?  

In this approach, a very important component is the broker. In practice the broker is a trust manager of the 

cluster whose role is matching enterprises which are able to realize a given new production order according 

to resource and logistic constraints. A key role of the broker is new production order planning which consists 

of working out a production order (constructional and technological), selecting enterprises which function in 

logistics communications system of the cluster and prototyping of a production flow schedule which 

guarantees production order execution on time and with the acceptable total cost of production order 

realization [12]. 

The proposed method for the new production order planning can be represented as a three-phase procedure 

which is implemented in a computer system which is available for all participants. In the first phase, the 

cluster broker submits a planned production order to the computer system and details of the tasks are made 

available for potential partners to access via the network. This step must be preceded by preparation of 

design and technological documentation for the product with a precise description of the technological 

process, along with the separation of tasks and their technological implications in the process of execution. 

Due to the limited ability to instruct the broker, documentation must be supplied by the client or developed 

earlier in the design phase of the order. The order is placed in the system by the broker, who sets a deadline 

for submitting bids for the task and sends a notification to all members of the cluster [11]. 

In the second phase declarations are collected from enterprises with appropriate available capacity 

(production resources, warehousing), who declare the type of resource offered, periods of availability, time 

needed to complete the task and the total cost, which is the sum of the cost of resource utilization, the cost 

of materials used for the task and other costs. In this phase, bids are also collected from transport 

companies, which are able to guarantee the transport operation [11]. 

In the final phase, proposals from bidders are verified by the system and prototyping of acceptable 

production networks takes place. This stage is connected with the determination of a detailed production flow 

schedule for all partners in the network. Moreover, in this stage a deadline for the start and finish is set, 

along with the total cost of the planned order for each of the allowable variants. Particulars of the presented 

aproach were presented in works [10], [11], [12]. A practical aspect of the presented method is a system of 

computer-aided production order planning in a cluster which is a tool for handling the orders executed in the 

cluster. 
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3. THE SYSTEM OF COMPUTER-AIDED PRODUCTION ORDER PLANNING 

The high costs of implementation and maintenance of computer-aided management systems, especially 

ERP (Enterprise Resource Planning) have resulted in limitations to the rapid development of small and 

medium enterprises. Often, companies use a simple application dedicated to particular areas of 

management with a low level of integration. The need to provide low-cost solutions with comparable 

capabilities, especially in the field of integration, have brought forth the idea of sharing a system through 

web-service. An important problem is that of cluster companies exchanging information related to, on the 

one hand, available capacities and on the other hand, requirements reported by the client. This study 

proposes a prototype platform based on Web-service technology, which allows integration of businesses 

related to the project without the need to equip businesses with often costly additional applications. This is 

especially necessary based on the results of the research into a cluster of companies, which shows that a 

considerable proportion of them do not have any system to plan and control production flow [11]. Thus, 

downloading any information from the system is impossible and the data necessary to design the network 

must be entered manually by the production manager of each of the potential participants in the network.  

The proposed system is a tool to help facilitate the exchange of information between the broker, who 

provides information concerning tasks, and enterprises with the specific production capacity sufficient to 

carry out these tasks. Based on information collected in the system, a set of network variants capable of 

timely implementation of the order, and a schedule showing the load on individual resources of companies in 

a given scenario for the implementation of the new order are generated. Each variant is characterized by a 

set of selected companies with an indication of resources used, cost of implementation and the date of 

commencement and completion of the production order. This ultimately allows the best variant to be chosen 

in the system and available capacity to be reserved for the implementation of the production order by 

individual companies. Data on resources of companies is only made available for the purposes of the broker. 

This means there is no access to confidential data of other companies and therefore increases the security 

of the system against unfair competition [12]. Conversely, any of the companies registered in the cluster 

have access to information on orders and planned tasks. 

Production order data input 

The broker is responsible for entering the data of production orders planned for implementation in a cluster. 

Each order is divided into sub-tasks dedicated for different cluster enterprises. For the planned order, the 

following data should be entered [11]: 

 deadline for receipt of tenders for the order tasks under consideration; 

 the planned date for completion of the task (the deadline specified by the customer); 

 expected number of pallets used in the delivery to the customer (standard Euro pallets); 

 maximum permissible cost of the order. 

In the middle window (Fig. 1), all the tasks related to entering the order are added. The broker introduces 

another task while also specifying the sequence of tasks in accordance with the technological process. In the 

lower right-hand corner of the window, a tree structure is shown illustrating the sequence of tasks in the 

order. For each task, the forecast number of large pallets used in transporting the operation for the next task 

is determined [13, 14]. In the bottom pane for each task are placed documents describing the task, full 

technological documentation, technical drawings developed in a common format for all companies such as 

DWG, etc. After entering the job, the broker has the ability to send out e-mail information about the order to 

all cluster companies. 
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Fig. 1 Data entry screen for the production order, Source: Own work 

Making an offer for the implementation of a production order 

An offer is made for a specific task belonging to the production order. Available information about the tasks, 

the deadline for submission of tenders and the deadline by which the task must be performed to ensure 

implementation of the entire order within the period specified by the customer are displayed on the right of 

the screen (Fig. 2). In the lower left of the screen technological documentation for the required task is made 

available, which is essential for reliable assessment of the ability to complete the task. 

On the right-hand side of the window (Fig. 2), the production manager highlights available resources to 

achieve a given order, specifies the planned number of hours of resource commitment, the total cost of the 

task and the possibility of division of tasks into shorter time periods, specifies the minimum time commitment 

to the implementation of the resource, and introduces parameters that prevent the use of the resource in less 

than the indicated time periods. The company may submit several bids for production resources on several 

tasks simultaneously. 

 

Fig. 2 Entering the offer for a task of the planned production order, Source: Own work 

Generating permissible solutions of production flow 

After entering the tasks data of the planned production order, and all tenders from enterprises within a 

specified period, the broker starts the procedure proposed in the work of the designation of the set of 

permissible variants for the network to ensure the implementation of the order. As a result of the proposed 
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procedures for the planning of the order in the network, the broker receives a set of permissible solutions to 

ensure timely implementation at a total cost not exceeding that specified by the client.  

Fig. 3 presents a set of solutions generated for the sample order. Selected network variants are presented in 

the left-hand section of the results. In the right-hand pane, a set of selected companies assigned to a specific 

task is presented, with information about the selected company, use of resources defined in the system, the 

date of commencement and completion of the task, the deadline for completion of the transport operation, 

total cost of the task by the company and the cost of transportation for the task.  

 

Fig. 3 Presentation of the set of permissible solutions, Source: Own work 

For each of the identified variants, a schedule of the production flow of the production network is generated 

(Fig. 4), which allows for the efficient completion of all tasks in individual enterprises, coordination of 

manufacturing operations performed, transport and monitoring of the progress of the planned orders in the 

system. 

 

Fig. 4 The effect of prototyping of production networks in a regional metallurgical cluster, Source: Own work 

4. CONCLUSION 

The proposed computer system is a tool used by a broker for the prototyping of production networks within a 

cluster, and production flow planning of a new production order. The proposed system allows the integration 

of cooperating enterprises, sharing of production capacity of enterprises and the possibility of production 

order execution significantly exceeding the production capacity of any single cluster enterprise. Furthermore, 

the proper functioning of the proposed system will improve the productivity of the production resources of 
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cluster enterprises and will have a positive effect on the development of small and medium enterprise 

belonging to the cluster.  

Furthermore, the proposed method of exchanging information in a computer system uses a trading broker to 

avoid the risks of unfair competition (e.g. use of load state information resources, use of resource unit costs 

by a dishonest partner, etc.). Broker supervision over the production managers allows the level of trust 

between partners to be increased and also allows the integration of the metalworking cluster environment.  
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Abstract  

Based on the influence of the environment, which acts on the companies, whether in a positive or negative 

sense, companies are forced to process information, adapt to the market and achieve a variety of changes, 

such as developmental processes in the company. All changes begin after some stimulus, an idea that will 

help to develop the innovation process, and the result should be a competitive advantage of the company. 

The emergence of a thought is caused by the environment, whether impulse of customers, competitors, the 

media, but also on the basis of the activities of employees in the company. Flexible and high-quality 

innovative policy is fundamental for the development of companies in a hyper-competitive environment. 

Countries with advanced innovative politics are more successful in a global scale. This article explores 

marketing innovations in industrial firms as for their benefits that further affect competitiveness of the 

companies. 

Keywords: innovation, marketing innovation, information, competitive advantage 

1. INTRODUCTION  

Industrial firms are exposed to enormous pressure of innovation problems [1], [2]. The trends that are 

causing this pressure can’t be simply dismissed as "more and more" (more and more competition, more and 

more new technologies, more and more demanding customers, etc.). There are more and more new 

technologies to be applied in product development. At the same time, thanks to the globalization and the IT 

revolution, the competitive conditions have intensified. The situation is underlined with present world 

economic crisis [3]. Despite the present saturation of the markets, new additional needs are created and the 

product demands, which companies see as new market opportunities for innovation of product and the 

concepts for survival, are increasing. [4] 

Czech industrial companies will have to flexibly respond to the changing customer and market requirements, 

using the benefits of new ideas, unique know-how and the effort to be faster than the competition. The main 

theme of this article is marketing innovation that brings new ideas resulting from a different way of thinking. 

The aim is to explore new ideas, to deal with new methods, processes, innovations in order to find and apply 

competitive advantage as an effort to maximize the company's market value. 

2. MARKETING OF INNOVATIONS 

Management of innovation has become an independent branch of management. The reason is that the 

findings and methods leading to the knowledge that a large part of the variation of success and failure is 

caused by factors that may in the broad sense be associated with marketing. Many positive and negative 

examples from company innovative practice gradually gave signal to recognize the specific part of innovation 

management as a sub-discipline of management, namely as the marketing of innovations. This branch is 

now a part of both the management of innovations, and of marketing. Innovative companies like to use 

marketing of innovations as a management support. Marketing of innovations deals with strategic and 

operational decision-making within the scope of marketing of new products. If operative marketing of 
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innovations may largely draw on the knowledge and methods of general operative marketing, there are 

fundamental differences between general strategic marketing and strategic marketing of innovations. This 

refers particularly to the information supporting strategic decisions of marketing of innovations. This 

information is composed of several generalising legal statements, especially the knowledge of the factors of 

success and failure in product innovation, and also of the specific own information depending on the 

situation, which must be obtained for the innovation intention. [4] 

2.1 Definition of marketing innovation 

Marketing of innovations provides a sequence of work tasks, which, if applied to existing products, lead to 

the creation of new products or new services satisfying new needs, bringing new application areas, new 

situations or discovering new target groups of consumers. It is therefore a process that offers a great 

opportunity to create entirely new product categories or to form completely new markets. [5] 

2.2 Subject of marketing innovation  

Marketing innovation provides answers to many questions and problems. They include areas like what other 

needs might our product satisfy so that a consumer perceives it differently; what sphere of new customers 

we could address if we had made changes to the product; what news we could offer to our existing 

customers or what other purpose our product could serve. [5] 

2.3 Importance and stimuli of marketing innovation 

The competitive success of a new marketing idea is based on a different way of thinking, not just on a simple 

market definition and its segmentation, but it is a new approach to innovative thinking. Marketing of 

innovations does not only mean the focus on advertising and sales, but on the market, which is connected 

with logistics, communications, leadership, influencing corporate activities. 

Customers represent an important aspect for companies when they are deciding about the introduction of 

any innovation, whether it is a product or a service, which means a market research focused on the 

requirements of customers, competition, new products and looking for a new business opportunity. Other 

sources of information include fairs and exhibitions, where the latest news and ideas are presented. Finally, 

there are foreign trade fairs where companies can acquire new impulses and ideas that may be applied in 

the Czech market. It is the scarcity of information that creates new opportunities for business. 

3. INNOVATIVE CAPACITY OF COMPANIES AND TYPES OF INNOVATIONS 

The analysis of innovative activities of Czech companies is mainly based on data from the Innovation Survey 

of Companies in the years 2008 - 2010. This survey was carried out on the basis of a harmonized 

questionnaire of EU member states associated with the common union innovation survey CIS2010 

(Community Innovation Survey 2010). 

All types of innovation activities are realized by the largest share of big companies with 250 and more 

employees. Large companies much more often use organizational changes to streamline and develop their 

activities (60 %). In companies in the Czech Republic, the highest number of innovation activities is generally 

realized through organizational innovations. Organizational innovations are important for development of the 

company and are focused on reducing costs, but they usually don’t represent any technological change or a 

creation of new products, but they rather contribute to a better organizational management of the company 

or better business practices. Technological innovations - i.e. product innovation, when new and significantly 

improved goods or services are introduced, and process innovation, which is characterized by the 

implementation of a new or significantly improved production process - are realized by over a half of large 

companies. This type of innovative activity is relatively expensive for small and medium-sized companies 
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and requires very good information and a well thought-out realization plan with the necessary know-how to 

ensure that the investment into this type of innovation activity pays off. In the category of product 

innovations, a larger part of firms in all size categories provides innovation of products rather than services. It 

does not mean that Czech firms don’t perform innovations of services, but the fact is that innovations in 

services are more difficult to define and measure and they are also rapidly changing. It is interesting that 

service innovations are performed by a higher proportion of small firms than medium or large companies. 

Minor innovations of services can be performed relatively quickly by flexible small firms. It is generally 

accepted that process innovations bringing new methods and techniques of work are the most commonly 

realized types of innovations in practice. This is because, even with a relatively small investment in process 

changes in the activities of the company, you can achieve significant improvement of the activities and a 

reduction of overall costs. [6] 

3.1 Marketing innovation  

New media and techniques of promotion were the most commonly used aspects of marketing innovations by 

companies in the Czech Republic in the period of 2008 - 2010. This type of innovation was implemented by 

72.5 % of companies with marketing innovation. The remaining types of marketing innovation were 

considerably behind. Almost identical Figs.  were recorded by companies introducing significant changes of 

design or packaging (40.3 %) and applying new methods of valuation of goods and services (40.2 %). New 

methods of product placement were the least common innovation (31.7 %). Large firms, when compared 

with small and medium-sized ones, put greater emphasis on significant changes in design or packaging. The 

share of this type of innovation in large companies innovating marketing has reached 54.7 %. The share of 

new methods for product placement and the new methods of valuation of goods and services were balanced 

in large companies. Firms under foreign control also put greater emphasis on significant changes in design 

or packaging (50.6 %) than domestic firms (37 %). Marketing innovations by type and size in 2008 - 2010 are 

presented in Fig. 1. [7] 

 

Fig. 1 Marketing innovations by type and size 2008 - 2010 [5] 

The most important aspects of companies innovating marketing was the use of new media or techniques of 

promotion. The highest share of use of marketing innovations was recorded in the production and distribution 

of electricity, gas, heat and air conditioned air (93 %). The most important marketing innovation in 

manufacturing industry was the use of new media and techniques of product promotion (68.3 %). The share 

of marketing innovation as a significant change of design or packaging amounted to 45.3 %. The least 

important focus of manufacturing companies within the frame of marketing innovations was the use of new 

methods for product placement (28.6 %). The new methods of valuation of goods and services were in the 

centre of attention of companies engaged in mining and extracting (64.6 %). The highest increase in the 
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share of utilization of new methods for product placement was observed in medium-sized companies. [5] 

According to the analysis of innovation activities of firms in the Czech Republic performed by ČSÚ, we can 

design matrix A (see Fig. 2) which shows the percentage use of marketing innovation depending on the 

importance of changes from the point of view of the company. 

 

   

   

   

    Low     High 

The use of marketing innovation 

Fig. 2 The percentage use marketing innovations, the importance of the changes to firm 

4. STRATEGIES LEADING TO SUCCES 

There are very many different strategy concepts in enterprises [8]. However, competitiveness of industrial 

companies is mainly based on the ability to create and exploit innovations. Minimal knowledge of a 

customer, of the market environment and a negligible awareness of the weaknesses of the company 

represent a major problem of companies. Introduction of a new product in the industrial market will not 

guarantee the marketability and satisfaction of customers. The main points include identifying customer 

requirements, existing competition, market conditions, strategy and implementation of corporate competitive 

advantage. The necessity of innovations arises in situations when the current medium-term or long-term plan 

doesn’t achieve the desired targets of the company and doesn’t maintain its competitive advantage. Any 

innovation should contribute to the application of the strengths of the company and to the elimination of 

business risks. Innovation can be classified according to the degree of novelty into four categories.  

4.1 Radical innovations 

Radical innovations are described as fundamental, radical changes, through which entirely new products or 

services are created. Radical innovations often require changes in user’s habits of consumers. The 

development of this type of innovations requires high investments in research and development. [9] 

4.2 Incremental innovations 

Incremental innovations are defined as gradual small changes continuously performed by the company, for 

example within the scope of the quality management system. This kind of innovation doesn’t require high 

cost of research and development of new technologies. This is a very frequently used type of innovation in 

firms. [9] 

4.3 Technical innovations 

Technical innovations are those innovations that bring significant changes in technologies, technological 

procedures and in the production process or the technical properties of the product. The end customer 

usually doesn’t see any significant benefit in the new product, unless the change of the production process 

leads to a reduction in production costs with the subsequent effect of the product price reduction. [10] 
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4.4 Application innovations 

Application innovations bring such a change of the product or service that leads to a change in their use by 

the customer. Traditionally, the products or services are offered in a different market than before. [9] In terms 

of the degree of novelty, it would be realistic to include marketing innovation here as well, which would 

extend the number of categories to five. 

4.5 Marketing innovations 

Marketing innovation is the introduction of a new marketing method, which wasn’t previously used by the 

company and which is part of a new marketing strategy. This may be a significant change in product design, 

in its packaging, in product placement in the market through new sales channels, in significantly changed 

product support using the tools of communication mix, in new pricing strategy, etc. [10] A model, which is 

based on the degree of novelty as perceived by an industrial company and by customers, is designed 

according to the scope of the above mentioned changes, see Fig. 3.  

 

Application 

innovation Radical innovation 

Incremental 

innovation 

Technical 

innovation 

Marketing 

innovation 

 

Degree of novelty according to company 

Fig. 3 Model of strategies according to a degree of novelty 

The most significant contribution in the development of the professional practical marketing of innovations is 

the progress in strategic research of innovations. Strategic marketing of innovations defines the objectives 

and scope of tactical-operative marketing measures. It is responsible for long-term planning of major product 

innovations in industrial companies. [4] If we move towards the process of migration of the distribution 

channels, which are often perceived as positive changes, they are often irreversible. It is very important for 

an industrial company to think about its strategy very thoroughly before embarking on any radical changes. 

For industrial companies, the marketing innovation can be found in the introduction of efficient online shops 

(e-shops), which already exist in the market, but many companies aren’t using them yet.  

5. ADVANTAGES AND DISADVATAGES OF INNOVATIONS  

The benefits of the implementation of marketing innovation include the image of the industrial company in 

the eyes of its consumers, the acquisition of a competitive advantage, the consolidation of its position in the 

market during the selection of distribution channels, the lower cost than in radical or technical innovations 

and the maximization of the market value of the company. [11] The implementation of a marketing innovation 

doesn’t bring only benefits, but it also carries disadvantages that may arise among consumers, if the 

company fails to convince them that the given product is just the one they need. Another disadvantage is the 

technological progress that is constantly changing and evolving, which means that the competitive 

advantage of an industrial firm exists only for a short period of time. 
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A positive change is usually traumatic for the company. It forces the people to think and act differently. Due 

to the human nature, those who are negatively affected by the change either put up active resistance and 

oppose it or they will adopt a passive attitude "I'll wait and see." [12] This encourages the management to 

choose such a strategy that will motivate the human resources in a positive direction towards the innovative 

activities of the industrial company. 

6. CONCLUSION 

In today's busy world, the industrial companies are trying to innovate in order not to lose a competitive 

advantage and to cope with the competing firms. Continuous innovation in the global environment is a must. 

If we want to join the real market players, we have to plan product innovation in advance; in time when clear 

or even urgent signals of innovative needs can’t be identified yet. [4] The creation of a new market or a new 

category is the most effective way how to keep your ground in the saturated markets. [13] Linking 

innovations and marketing leads to mutual interaction of the innovation system and the economic area. The 

objective is the effort to increase the competitiveness of products, which is related to strengthening the 

position in the market. [14] It is absolutely essential in the future of metallurgical companies, which want to 

maintain their competitiveness, to be able to predict the development of costs in connection with the 

decision-making process in the company. [15] It is important to realize that marketing knows the 

requirements of consumers and product innovations can realize these requirements, so it would be useful to 

apply and use both these fields in order to maximize the market value of the company. 
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Abstract 

Polish steel industry makes good use of the macroeconomic conditions of the Polish economy. GDP grew by 

4.3 % in 2011. The main stimulus for growth came from the investments in infrastructure, high domestic 

consumption and export. They had a positive impact on the steel industry in particular. Steel consumption in 

Poland increased by 11 % in 2011 reaching the level of 11 million tons. The membership in the EU and 

access to structural funds have created a number of opportunities for the steel industry. The beneficial 

situation in steel production (a rise of 10 %) and in its domestic consumption (a rise of 11 %) have 

significantly improved the financial situation of steel companies. The financial result was positive, the rate of 

return amounted to 3.5 %. A significant cost discipline of enterprises greatly contributed to the result. The 

cost optimization has its limits, and thus this aspect of building competitiveness is slowly running out. 

Innovative activities constitute a key element of development. Innovation rarely occurs in isolation; it is a 

highly interactive process of cooperation in the growing and diverse network of stakeholders. Enterprises 

gain knowledge from many sources through partnerships, alliances and joint ventures or through acquisition 

of knowledge in the form of agreements for conducting R&D or purchased licenses. The cooperation is 

becoming a means to extend the scope of development projects, a way to complement the enterprise’s 

competence. A new period of research funding and regional activities at the level of regional innovation 

strategies offer new prospects for innovation. 

Keywords: innovation, cooperation for innovation 

1. INTRODUTION 

Despite the present economic slowdown, the steel industry in Poland is in satisfactory condition. Cost 

optimization was the fundamental strategy that enabled for sustaining the market competitiveness. 

Unfortunately there’s an end to such activity and the steel industry faces the new challenge now. How to 

create the further development? The answer for the question lies in innovation processes. That is why the 

main objective of this paper is to present the current situation and future perspectives of the steel industry in 

Poland. Author in his characteristic of the problem draws attention to the ongoing globalization, the greater 

impact of competition, escalating crisis phenomena as well as the emerging cooperation opportunities. There 

was also noticed that the expression of those present changes are the new principles and structures of 

business models within which the significant role is played by various forms of innovation. Thus there is 

noticed the growing importance of those business models able to generate and diffuse innovations. The 

conditions for innovation activity created by the regional context were presented in the paper as well and 

discussed on the case of Silesian Province. 

2. STATE OF POLISH STEEL INDUSTRY 

Poland's economy was growing at a relatively high and stable rate. The Gross Domestic Product grew by 4.3 

% in 2011 (0.4 percentage points higher than a year earlier). The main drivers of growth were investments, 

domestic demand, and exports. 2011 saw the metal industry in Poland growing very rapidly. Manufacture of 

metal products in 2011 was higher by 18.5 % than in 2010 (structural metal products as high as 24.8 %) 
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while metals shipments increased 12.0 %. The manufacture of machinery and equipment in Poland reported 

a decline for the third year in a row. In 2011 it was lower 3.6 % as compared to the previous year. The 

automotive industry in Poland is one of the key sectors of the national economy. The automobile industry 

shipments in total (including all types of vehicles, spare parts and engines) increased by 13.6 % in 2011 

compared with the previous year. Production of passenger cars in 2011 in Poland was lower than the 

number realized in 2010 by 5.6 %. The decrease in the output was due to lower sales of new passenger cars 

in Europe and to reduced number of cars manufactured in the factories of Fiat (-12.3 % in Poland). The two 

other major producers: Opel and Volkswagen, produced more cars than last year, up 9.6 % and 18.6 %, 

respectively. There was also an increase in the production of trucks (up 15.2 %) and public transport 

vehicles (up 11.5 %). The home appliances market in Poland, after two years of stagnation, recovered by 

several percentage points. In 2011, manufacturers of large equipment and household appliances in Poland 

have produced 4.0 million units of washing machines (up 0.2 %), 1.7 million units of refrigerators and 

freezers (down 6.3 %), and 1.2 million cookers (up 1.2 %). There are currently 25 factories of home 

appliances. Approximately 80 % of Polish production is exported. Poland is one of the leading manufacturers 

of white goods in Europe. [1] 

The SWIP index (Steel Weighted Industrial Production), linking levels of manufacturing activity in the steel-

consuming sectors with domestic consumption, rose 14.8 % in 2011 compared to 2010, and was the highest 

since 2007. Buoyant economy and high investment expenditure to infrastructure projects resulted in greater 

activities in the construction and construction related industries. The first phase of infrastructural projects 

created opportunities for the development of many fields associated with the production of investment and 

consumer goods. The second phase regarding investments to energy and railway industries is yet to come. 

It will require new materials and new services. New needs for metal processing, specially products and 

designs may significantly contribute to increased demand for steel products [1]. This is, however, a 

significant challenge for manufacturers. It must be faced if the Polish steel industry is to take advantage of 

the opportunity. Currently, there is a potential to make it happen. It should be noted that despite the 

slowdown inside the Union market, manufacturers in Poland have managed to meet the challenges caused 

by fluctuations in the market and what's more, in spite of the global trends, to increase domestic steel 

production. Several factors contributed to the situation: high domestic demand driven by timely realized 

steel-consuming infrastructure investments and good condition of the metal industry. Steel consumption in 

Poland in 2011 increased to 11.0 million tons. The increase in steel consumption, contributed positively to its 

production, which increased by 10 % y / y. This led to better utilization rate of steel production from 65 % to 

about 70 %. In 2011 Poland produced 8.8 million tons of crude steel, almost 10 % more than in 2010. Polish 

participation in the total EU steel production amounted to 5 % and remained at the same level as in 2010. 

The share of the steel melted in the converter process for the first time in three years was higher than that of 

steel produced in the electric process. In the production structure of crude steel of different types, there have 

been few insignificant changes. In the total amount of crude steel melted in Poland, non-alloy steel 

constituted 94 %, and alloy steel 5.9 % , whereas corrosion resistant steel 0.1 %. Production of hot-rolled 

finished products, amounted to 7.5 million tons in 2011, an increase of over 9 % compared to 2010. The 

production structure of hot-rolled flat products amounted to 34.4 % and long products to 65.6 % (4.93 million 

tons). In the group of long hot-rolled products production of bars amounted to 2.2 million tons, an increase of 

12.9 %. As for hot-rolled flat products, the main products were strip, with the production at the level of 1.8 

million tons. As for cold-formed products, a minor decrease was recorded in 2011 against 2010 for all types 

of products. 

Good situation in steel production with an increase of 10 %, and concurrent increase of 11 % of domestic 

consumption, have significantly contributed to improving the financial situation of the steel companies. 

Revenues were higher than in 2010 by almost 29 %. The financial result was positive with profitability of  

3.5 %. Such result can also be attributed to the increasing cost discipline of companies. Cost optimization is 

a basic strategy to remain competitive in the market. Unfortunately, there must be a limit to such activities 
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because the cost structure of production is already close to optimal. In order to improve the competitive 

position of the dwindling opportunities of cost reduction, an increase of activity in the field of innovation 

becomes a necessity. 

3. INNOVATIVE ACTIVITY AS A MODERN CHALLENGE 

Ongoing globalization, the greater impact of competition, escalating crisis phenomena and also new 

opportunities for cooperation all pose new challenges in the field of management, searching for new 

technological solutions as well as the new alternative resources. The last one activity is not only focused on 

metalliferous materials but also on substitutes of hardly accessible and expensive coke [2], [3]. The changes 

occurring within management activity apply to both large organizations (often powerful corporations) as well 

as small and medium-sized enterprises. These challenges are often associated with changes in the 

management at strategic and operational level. The dynamics of enterprise management systems of the 

organizations shows their desire to increase the competitiveness and efficiency. A sign of the ongoing 

changes are primarily the new rules and the structure of business models (being a description of the 

business idea), where the specific role is played by different forms of innovation. Thus, such business 

models which are able to generate and diffuse innovation are becoming more and more important. 

Determining their role and significance in the adopted and implemented policies and operational activities 

carried out by the enterprises often decide about achieving by a company a competitive advantage and 

revenue. Building a competitive advantage is increasingly possible because of the ability and effectiveness 

of the company to introduce various types of innovation, both own solutions as well as the innovations 

applied due to their transfer or diffusion. Thus, in recent years the issue of the business models construction 

capable of applying innovation has been of great interest of both practitioners and theoreticians of 

management. Certainly the interest is connected with the policy aimed at innovation growth which is pursued 

by all developed countries. 

Innovative activity means engaging of enterprises in all kinds of scientific, technical, organizational, financial 

and commercial activities which lead or are intended to lead to innovation. Some of these activities are of 

innovative character, while others are not new, but they are necessary to implement innovation. Innovation 

activities also include research and development (R & D), which is not directly related to the creation of a 

specific innovation [4]. The easiest way to define innovation is to say that it is implementation of new ideas 

into practice [5]. The "Oslo Manual" defines two types of innovation: product innovations and process 

innovations that can be understood as the introduction of a new product, process or substantial 

improvements in products or processes. Such innovations are introduced if a new product is brought into the 

market (product innovation) or used in the production process (process innovation) [6]. 

Innovation is the path to new solutions and is the phenomenon associated not only with creativity but also 

the ability to apply innovation. It is an attribute of competitive entities whose competitive advantage is based 

on innovation. These can be very different types of innovation. An opportunity to build competitive advantage 

is related to the distinction of two main types of innovation, i.e.: 

1) Incremental innovation - these are mainly innovations aimed at improving products and production 

processes. They are usually introduced systematically, allowing for a gradual increase or maintaining 

competitiveness. They can be considered as a factor which continuously and linearly affects the 

growth of competition. 

2) Radical innovation - this type of innovation creates not only new technologies and products but also 

new business concepts. Its abrupt, almost revolutionary nature often ensures relatively constant 

competitive advantage while creating new conditions for competitiveness [7]. 

Building of a competitive advantage is more and more often possible because of the ability and effectiveness 

of a company to introduce various types of innovation. There is an increasingly visible trend of cooperation, 
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building pro-development partnerships between companies, research institutions and self-government for the 

diffusion of innovation [8]. 

In one of the major studies on the construction of business models A. Afuah [9] presented an enterprise’s 

business model as a set of activities, methods and time needed for their implementation, using own 

resources to create the highest value for the customer and ensure the position for taking over values. The 

author claims that innovations can be applied practically in all of its elements and they are necessary for 

creating value for the customer.  

In the functioning of the steel companies in Poland, innovative activity corresponding with presented 

business model components can be identified. Such innovation activity constitutes research & development. 

In the scope of cooperation between steel industry and technical universities numerous research projects 

have been conducted. Most of the studies concern the increase of production efficiency and improvement of 

the finished products quality. However, the studies related to new types of products are more and more 

significant. As a result, the development of the steel industry has an increasing impact on the behaviour of 

final customers of the branches who use steel to generate investment and consumer goods. Listening to 

customer needs and the development of valuable, long-term relationships is becoming a key factor of 

success. It should be noted that in the last 10 years Poland has become an attractive location for numerous 

large factories belonging to multinational corporations of such industries as household appliances, 

audio/video devices, automotive, machinery and equipment, computers and others. Domestic steel 

metallurgy and related industries, as suppliers and partners, have thus entered the group of industries which 

are considered important to the state of national economy. Steel companies have begun to participate in the 

value chains of these industries. The result of listening to the market needs also contributed to the significant 

share of the Polish steel industry in the development of EU-financed infrastructure. Poland has successfully 

used its EU membership, including access to structural funds. The first stage of implementation of 

infrastructure projects in Poland, co-financed by the EU, created an opportunity for the development of many 

new areas related to production of investment and consumer goods with the use of steel. The second stage, 

relating to the investments in power generation and railway is ahead of us, providing the chance for further 

development of the processing industry and services connected with that industry. Investments in technology 

and specialist products for the needs of the second stage will include both solutions regarding functionality of 

products in accordance with customer requirements, as well as proactive measures to enhance functionality 

of the solutions involving these products. Many valuable solutions may arise if industry expectations and 

suggestions of R & D centres are confronted at the same time. However, this is a difficult task because when 

creating specialized products, it is essential to use a wide range of the latest technologies. Being aware of 

the great challenges facing the industry the initiatives of building networks for effective development are 

undertaken. The significant concept for creating the cooperation network for efficient development is the 

academic entrepreneurship (Fig. 1). 

Polish Steel Technology Platform (PSTP) is an example of the cooperation network. It was established in 

December 2005 in Katowice. About 40 entities declared participation in the Platform, half of which are steel 

mills and industrial companies, and the other half are scientific organizations and associations working for 

the steel industry in Poland. The strategic objective is: a sustainable development of the Polish steel 

industry, in accordance with the guidelines adopted for this industry in Europe, and at the same time adapted 

to domestic circumstances and realities.  
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Fig. 1 Academic entrepreneurship in the network model of innovation [10] 

While preparing SRP it was agreed that the main areas and research directions of SRP will be consistent 

with the European Steel Technology Platform (ESTEP). It was acknowledged that the research needs of the 

national steel sector will be included in the form of - taking into account local conditions - research problems 

coming from the areas and research directions included in ESTEP Programme and in the form of additional 

research directions introduced to the ESTEP Programme. 

Implementation of the Programme will take place through the launch of research projects designed to 

address specific issues within the scope of the Programme [11]. Some of these objectives can be 

undertaken in the framework of the so-called cluster platform. Geographic concentration of interconnected 

companies, specialized suppliers, service providers, firms operating in the related industries and associated 

R & D institutions in various fields, competing but also cooperating in the framework of the project testing 

innovative tools and products is a very desired phenomenon. Although the decision-making power, having 

the real impact on the development strategy of the project will be in hands of the biggest corporations, yet 

smaller companies, if they can be properly active and make their own contribution, are essential in the 

structures of such cluster platforms. 

Another technical and technological challenge for the industry is to improve efficiency and energy use 

savings in order to meet the challenges of the third energy package and climate policy. The costs which 

must be incurred for the implementation of climate policy in the sector are very high, but if this is not done, 

the price which will have to be paid in the future will be even higher. A regional context is also important for 

innovation activities and it will be exemplified by the Silesian Province. 

4. REGIONAL INNOVATION STRATEGY OF SILESIAN PROVINCE AS A NEW PERSPECTIVE OF 

INNOVATION 

Silesian Province is a region of a successful restructuring. After more than 20 years of systemic change that 

shook the foundations of the traditional industries such as mining, metallurgy, energy and textiles, we are 

witnessing a stabilization process of new scientific and economic structures in the region. 

In the knowledge-based economy - building networks, developing and maintaining relationships, setting up 

partnerships and cooperation enable different types of organizations to use and multiply their capital, use the 

knowledge and experience of others, achieve synergies, which has an important impact on the local and 

regional development. Competitiveness of, among others, European economy involves two issues: the ability 

to create social networks and provide the environment conducive to creativity and innovation. Innovations at 

the same time are not incidental events but a continuum, a process which results from the interaction of 
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interdependent organizations, which through extensive contacts acquire the necessary specialist skills. 

Ability to work with others, as part of the innovation ecosystem, is beginning to be seen as decisive for the 

development of innovation [12] Ecosystems are defined as the intentional community organizations whose 

individual activities are largely dependent on the whole community. The key components (platforms) of the 

innovation ecosystem include: technology transfer / commercialization, internationalization, research / 

strategic intelligence, education and development, innovation, communication, promotion and funding of 

innovation. 

The main idea of the innovative development of the Silesian Province for 2014-2020 is: innovation 

ecosystem of the Silesian Province based on dynamically changing innovative environments. The updated 

Regional Innovation Strategy involves the development and transformation of the regional innovation system 

into the ecosystem of innovation. The perspective of the ecosystem means: the mutual development of the 

processes, generating solutions not distinguished in terms of functions but naturally permeating in theme 

systems and coexistence and interaction of actors in building relationships in a variety of configurations 

depending on their common aspirations and conditions of the surroundings. 

The ecosystem is characterized by an atmosphere and conditions beneficial for innovation and the ability to 

self-improvement. It generates coordinated measures to strengthen the elements and internal connections, 

and on the other hand, acquires resources and relations on a larger scale, skilfully using the advantages and 

superiority over others. 

The priorities concerning the development of the innovation ecosystem are: 

1) Increase and internal integration of the innovation potential of the region. This priority is connected 

with the continuation of the current efficient and effective projects which strengthen the readiness of 

companies, institutions and society in the region to take new challenges and implement innovative 

scientific and economic projects of key importance for the development of the region. This does not 

mean simply continuing the current activities but their validation, specification, the development of a 

new type of infrastructure and services, and increasing the scale of interactions in the innovation 

ecosystem in the Silesian Province. The objectives consistent with this priority will be implemented in 

incremental development processes. 

2) Creating intelligent markets for the technologies of the future. This priority applies to opening 

businesses, institutions and society in the region for the participation in value chains and the use of 

new business models in connection with the widening transformation scale in the direction of so-called 

intelligent markets and pro customer behaviours related to them. The essence of this priority is to 

strengthen the powers of both servicing such markets from the technological and social (consumer 

behaviour) perspective, and to build long-term abilities to create such markets and participate in them. 

The objectives consistent with this priority are focused on making technological and product 

breakthroughs.[13] 

The development priorities of an innovation ecosystem and regional innovation strategy of Silesian Province 

create new conditions for development of innovation in steel enterprises. 

5. CONCLUSION 

Presented overview of the condition of the Polish steel industry gives grounds to conclude that companies in 

this sector have the ability to adapt. Despite numerous disturbances and trend changes they were able to 

respond to the changes expected by the market. However, current competitive conditions require further 

guiding of steel companies business models so that they are able to generate and diffuse innovation. The 

key issue here is a well designed innovative activity, which is becoming a strategic challenge. 

Building a competitive advantage is increasingly possible because of the ability and effectiveness of the 
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company to introduce various types of innovation. The phenomenon of the formation and implementation of 

innovation is itself a complex, multifaceted issue. 

Innovation rarely occurs in isolation, it is a highly interactive cooperation process within a growing and 

diverse network of stakeholders. Enterprises gain knowledge from many sources through partnerships, 

alliances and joint ventures or through acquisition of knowledge in the form of agreements for conducting 

R&D or purchased licenses. Cooperation is becoming the means for widening the scope of development 

projects, a way to supplement the competencies of a company. 

A trend which is increasingly visible involves cooperation, building partnerships between pro-development 

companies, research and self-government institutions for the diffusion of innovation. Due to the 

concentration of companies, research centres as well as financial institutions an increased competitiveness 

of industries is achieved ensuring the so-called critical mass of industry in the region, necessary to carry out 

a given project. This awareness is becoming more and more common. The steel industry is also interested in 

this new form of cooperation. For effective adaptation of projects and proposals of the scientific and research 

community concerning technological and organizational innovations, cooperation within the network and 

cluster platform is needed. The more companies from one industry in a given region are able to create a 

platform for cooperation, the better. It is also important that the system of exchange of information, transfer 

of knowledge and scientific collaboration between individuals, businesses and other entities was real and 

beneficial. The presented example of Regional Innovation Strategy of Silesian Province shows that they will 

form a supportive infrastructure for building partnerships for innovation. 
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Abstract  

The sphere of activity of metallurgy companies is such a specific area, it is necessary to use selected 

aspects in the entire process of strategic management of these companies. This article examines the 

success of these companies in business markets with regard to the specific features of these markets, the 

use of specific marketing tools and the new trends in this area. The article uses especially the secondary 

research methods, the analysis of current data coming from relevant sources over the last 15 years, and the 

findings from individual personal interviews with the representatives of metallurgical companies. In terms of 

the used methodology, a detailed analysis of chain indicators has been evaluated as the most suitable. The 

summarization of the conclusions from the individual analysed areas took advantage of the method of 

synthesis. 

Keywords: marketing analysis, metallurgy firms, strategic management 

1. INTRODUCTION 
 „There are three kinds of companies: those who make things happen, those who watching things happen, 
and those who wonder what’s happened.“ 

Philip Kotler [1] 

Today's ever increasing competitive environment forces companies to think about their future success in the 

market much more intensively than before. At present, companies can no more determine what they will 

produce and at what price. Customer requirements have become a key aspect. The world trade has 

currently been associated with phenomena such as globalization and internationalization. The consequences 

of this trend include the increasing importance of international economic relations. The process of 

international integration leads to a gradual specialization of the individual countries, based on the global 

division of labour and the availability of the individual factors influencing production and, as a result of that, 

business relations as well. The outcome is a steadily increasing share of trade on the value of final 

production (GDP). The technological development, the abolition of trade barriers, the changes that affect the 

development of behaviour of companies and many other innovations and trends strengthen the role of world 

trade. [2] 

The aim of the article is to verify the theoretical and methodological foundations of the application of 

marketing management trends in metallurgical companies. The article mainly uses the secondary research 

methods, the analysis of current data coming from relevant sources over the last 15 years (years 1996-

2011). The findings from the individual personal interviews with the representatives of metallurgical 

companies have significantly helped us during the preliminary analysis stage in which we were verifying the 

working hypothesis of the research in order to analyze the relevant data and to come to corresponding 

outputs and conclusions. 

 

 

mailto:sarka.vilamova@vsb.cz
mailto:kamila.janovska@vsb.cz
mailto:petr.besta@vsb.cz
mailto:milan.stoch@vsb.cz
mailto:roman.kozel@vsb.cz
mailto:martin.cech@vsb.cz


15. - 17. 5. 2013, Brno, Czech Republic, EU 

 

 

2044 

2. SELECTED BRANCH SPECIFIC FEATURES  

In order to define the specific aspects of marketing management in metallurgical companies, we must first 

focus on the analysis of the actual development changes in the market environment and the trends, which 

have currently been taking place in the dynamic business market environment. More and more attention is 

given to (former) developing countries in the east, where all sectors of the economy, or at least a majority of 

them, show strong growth. The main characteristic features include the shortage of raw materials, low steel 

consumption per capita, low operating costs, aggressive development of GDP, and they are based on the 

increasing investments into fixed assets. [3] 

Metallurgical sector in the European markets occupies a different position. Here, it is facing a number of 

unprecedented challenges, while the market indicators and forecasts show that it is necessary to make a 

number of fundamental changes. We are referring to the current worldwide trends of accelerated processes 

of globalization tendencies. The key role in this stage is, above all, played by the massive rise of electronics, 

IT technologies and Internet utilization, leading to the interconnection of virtually the whole world. This 

process has brought two major global changes: the world is getting smaller and smaller (reduction of 

transport costs, faster and cheaper global communications) and competitiveness is increasing (improving 

logistics processes enable companies to cover a much larger market more quickly and more cheaply). The 

best possible satisfaction of the customer needs has become a key aspect of the current development in all 

markets. This raises the need for application of such corporate marketing tools, which will evolve and vary 

depending on who their target customer is and which market they take place in. [4] 

There has been a continuing trend in the steel industry to create large companies, whose successful 

counterparts are smaller, often regionally oriented companies, and a large part of steel producers, regardless 

of their size, significantly diversifies. A challenging position in the market brings entirely new approaches to 

influencing the use of steel in virtually all regions with steel production. However, the globalization of the 

steel trade, the internationalization of the steel industry, the unbalanced distribution of regional steel 

production and steel demand cause substantial problems reflected in excessive production capacity 

expressed in tens of millions of tons of steel production in some regions. Nevertheless, the outlook for most 

consumers of steel is relatively favourable. Apparent steel consumption in the EU increased by 7.2 % in 

2011. The world production in 2012 increased by 1.2 %, which in absolute Figs.  amounted to 1 548 million 

tons. The growth was driven especially by Asia and North America, while the European Union and South 

American production decreased. [5] 

3. ANALYSIS OF SELECTED INDICATORS OF METALLURGY SECTOR  

Only strong and competitive economy can overcome the economic crisis without destructive consequences. 

In our conditions, the essential element of strong economy is represented by healthy steel industry, while it 

can be said that a long-term survival strategy of steel industry in the Czech Republic rests on stabilization of 

the possibility to supply its products within the home country. There is a rule saying that steel industry can 

develop if the economy shows a constant GDP growth of at least 3 %. The steel industry may therefore 

serve as a kind of indicator of the competitiveness and strength of the given economy. Compared to the 

world, the Czech Republic has a different utilization of produced steel. The highest volume of steel in the 

world goes into building industry, transportation and engineering. In our country, however, the first place in 

the consumption of steel is occupied by metal working industry and engineering industry, followed by 

automotive industry and only then the building industry. [5] 

We will use the analysis of the indicators in the Czech Republic, such as GDP, revenues from sales of own 

products and services of industrial type (production of basic metals, metallurgical processing; foundry 

industry), the production of crude steel and the overall production of steel industry in order to more clearly 

document our partial conclusions. The annual indexes of the individual indicators in current prices showing 
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the increase or decrease of an indicator between two consecutive years have been selected for comparison 

of the chosen indicators. The outcomes of the analysis are shown using line and boxplot graphs. 

Boxplot graphs work with numerical quartile statistics. A box in the graph determines the distribution of data 

and it is defined by the first and the third quartile. The line inside shows the second quartile (median). If the 

measured values of the individual cases are close to each other, the ends of the antenna leading upwards 

and downwards represent the maximum and minimum measured individual values. However, if there are 

significantly different individual cases during the measurement, these values will be presented in the graph 

separately as circles (outlying cases) or asterisks (extreme cases). In a group boxplot graph [6]:  

 the lower one box is in comparison with another one, the more likely the given indicator will show 

similar increments (and vice versa); 

 the lower the position of the box is in comparison with another one, the more likely the given indicator 

will show lower increments (and vice versa). 

 
 

Minimum (x*min) a maximum (x*max) from outlying values: x*max = max {x; x ≤ x75 + 1.5* dk}  (1) 
                                                     xєX 

 
Outlying values - outliers (x0): x0 є ﴾x25 - 3 * dk; x25 - 1.5 * dk﴿ ᴗ ﴾x75 +1.5 * dk; x25 + 3 * dk﴿  (2) 
 
Extreme values (xex): xex є ﴾-∞ ;x25 - 3 * dk﴿ ᴗ ﴾x75 + 3 * dk; ∞ ﴿      (3) 
 

Fig. 1 Annual increments in the CR (1996-2011)  Fig. 2 Annual increments in the CR (2001-2011) 

Source: own data processing [5, 7]     Source: own data processing [5, 7] 

 

The line graphs clearly show that the increments of the indicators "crude steel production" and "overall steel 

industry production" are almost identical each year (see Fig. 3 and 4). The comparison of the indicators of 

GDP and sales revenue of own products and services of industrial type (production of basic metals, 

metallurgical processing; foundry industry) also show certain similarities in the individual years. The task of 

the line graphs was mainly to illustrate the trends. In the case of boxplot graphs, we were trying to find an 

answer to the question of how many % of the measured values appeared together in the individual boxes, or 

in the overall range of the boxes even with the "antennas". You can see that the individual boxes in both 

graphs overlap differently and therefore the overall production of the steel industry indicates greater 

resemblance to GDP than the sales revenues of own products and services of industrial type (production of 

basic metals, metallurgical processing; foundry industry) to GDP (see Fig. 1 and 2). However, both cases 
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show strong conformity of each pair, always at least in 25 % of the "middle" cases, according to the logic of 

arrangement of the individual increments. 
 

 

Fig. 3 Annual increments in the CR (1996-2011)  Fig. 4 Annual increment in the CR (2001-2011) 

Source: own data processing [5, 7]      Source: own data processing [5, 7] 

 

Our analysis has therefore verified the claim that steel production is closely related to the value of GDP, and 

that steel industry is an indicator of the level of development of the given society. 

4. RISK FACTORS OF THE DEVELOPMENT OF METALLURGY INDUSTRY 

New risks keep emerging in world markets in connection with the dynamic development of metallurgy, the 

problematic economic situation, the long-term financial instability and other negative factors. These factors 

are mostly caused by the interferences of governments in the market economy. The most important ones 

include especially protectionism, subsidies and ecological focus of production. [8] 

The recent decades have witnessed opening of the markets, removing trade barriers, but the distortion of 

competition by non-transparent subsidy policy and protectionism in various areas still persist. They still exist, 

for example, in different standards related to environment, direct financial support, tax exemptions, support in 

the form of loans, free land and infrastructure, subsidized energy, favouritism in the allocation of tenders and 

many other non-standard practices. [9] These factors undermine the competitiveness of other producers and 

ultimately cause the loss of thousands of jobs and billions of dollars of investments, invested into production 

and technologies. Metallurgical industry shows high energy demands and it is very sensitive to changes in 

input raw material prices. They changed especially in 2008, followed by the fall in production, and in 2010, 

after the suppliers of iron ore have swapped from annual to quarterly contracts. 

We can identify a number of negative factors in the world economy within the metallurgy sector: 

 sudden deceleration of real demand; 

 deceleration of economics in BRIC countries; 

 huge decrease of worldwide financial strength of states, banks, industry and families; 

 decreasing confidence index; 

 currency instability of Euro, Euro losing to US dollar; 
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 risk of stagflation; 

 hard competition caused by overlapping roles of steel companies, service centres and wholesalers. 

The world steel production will continue to grow in 2013, despite the gloomy economic forecasts. The Asian 

markets, primarily China and parts of South America, will continue to work as the stabilizing elements in 

global economic development. The year 2012 was characterized mainly by the efforts to stabilize the public 

finances in the USA and the developed economics in Europe. The emerging markets are expected to 

continue to grow much faster than the developed countries. [10] 

Crisis communication is more commonly applied during the period of economic crisis; effective approach to 

crisis communication is typically characterized by an emphasis on prevention (early warning systems) and 

the pre-crisis communication, which aims at averting the imminent risk of communication crisis, even before 

its outbreak. The IT Services support key business processes and for this reason, it is necessary to ensure 

their availability with correspondence of business processes requirements. [11] 

5. MODERN TRENDS IN MANAGEMENT OF METALLURGY COMPANIES 

The tense economic situation forces metallurgical enterprises to change their attitude towards strategic 

planning from "what we are going to produce and at what price" to "how to satisfy our customers' needs." 

However, first of all we must identify these needs. New possibilities of utilization of marketing tools and 

efficient forms of business integration up to the modern methods of production cost savings are becoming 

critical for the future success of these enterprises. 

According to a research conducted by the Institute for Strategic Change and a consulting company 

Accenture, the following factors were pinpointed as the key aspects of company development: 

 global thinking - conversion within the sector (fusion), between sectors - production chains linking; 

 achieving competitive advantages - positive communication; 

 acceptance of changes - change is an opportunity not a threat, flexibility and innovation are essential; 

 anticipating opportunities - studying and forecasting of future trends; 

 creating a shared vision - all employees must be involved in the company vision and their particular 

tasks to fulfil the vision must be identified; 

 concern for customer satisfaction - identifying and meeting customer needs; 

 respecting values - act honestly and ethically. 

 

Because of ongoing globalization, however, they have less time to adjust to the new market reality and, in 

addition to that, a lot of companies are exposed to international competition, so they have to take part 

whether they want to or not. 

The basic factors of management of metallurgy companies were summarized at the steel industry forum 

EUROMETAL by a board member of Voestalpine steel division, P. Ackerlauer [5]:  

 steel can’t be replaced by any material in terms of its functionality and the wide variety of applications; 

 steel consumption in Europe will not reach its pre-crisis level of sales in the next few years; 

 the steel industry in Europe will survive in this area only with highly innovative products in high quality 

markets; 

 Europe does very little to prevent relocation of industrial production; 

 Europe must remain consistent in order to survive in the global competitive environment. 

European producers of steel are - on one hand - highly dependent on imports of raw materials and energies, 

on the other hand, they must meet high social and environmental standards. As a result of that, the 

production of ordinary commodities in Europe is no longer economically efficient. In the longer term, the 
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relocation of industrial activities to emerging markets could lead to further de-industrialization and 

consequently to a lower standard of living. 

The tense economic situation is forcing metallurgy enterprises to change their attitude towards strategic 

management and to exploit new opportunities of global marketing and management: 

1) Market dynamics - Companies must cope with the growing requirements in terms of product or service 

range, shortening product life cycle, growing requirements regarding the complexity of the given product or 

service, but also with the requirements for shortening the delivery times. A major role is played by effective 

planning. Company production planning at operational level is an important part of business process 

modelling. [12] 

2) Relational Marketing - the new role of suppliers and customers - The highest priority is a satisfied 

customer. You need to obtain as much information about the customer as you can and to communicate with 

him, you need to win the loyalty of your customers to their business partner, etc. There are tools serving this 

purpose, such as Customer Relationship Management (CRM) and Customer Value Management (CVM). 

3) Innovation of supply - According to the requirements of the customers, the important factors include for 

example ecological focus of products (green product). Another option can be represented by a product of 

new level, which gives the company the necessary competitive advantage. 

4) Strategies focused on gaining a competitive advantage - On an international scale, they include, for 

example, low price strategies and psychological aspects of supply. 

5) Competing in the global market, new forms of communication and distribution - The new forms of 

communication include the Internet as an electronic medium of marketing and business offer. It also serves 

as an information source, or for virtual trading. 

Thanks to globalization, companies have the following opportunities: 

 extension of the relevant market area; 

 the possibility to fill-in the niche market also internationally; 

 gaining access to inaccessible markets (E-business - addressing customer on a global scale and 

significant cost reduction); 

 opportunities for the so-called BORN GLOBAL enterprises (international, born for globalization) 

producing innovative, state-of-the-art technologies and realizing sophisticated aggressive trade policy; 

 opportunities for small and medium-size companies thanks to their flexibility and cost rationality. 

6. CONCLUSION 

In the nearest future, the steel industry must intensify the efforts focused on maintaining the continuity in the 

development of the production and sales channels and the methods applied for this purpose in order to learn 

the approaches that have already been implemented and will be promoted with more urgency in the future. 

They include adequate response of metallurgical company management to the processes of 

internationalization, globalization, creation of strategic alliances, mastering and practice of aggressive 

marketing tools and, of course, the whole complex of restructuring and modernisation of product and 

technological structure, including the rationalization of labour consumption. At present, companies must face 

the challenges of the market, including the increasing power of the global competitors, the low rate of 

economic growth, the international market developing in the direction of greater protectionism, the foreign 

companies using government grants to sell at lower prices or the rise of micro-markets requiring tailor-made 

marketing, etc. The most important of all the factors is the fact that the extent of recovery of the economy 

together with the increase of domestic steel consumption will be the crucial prerequisites for further 

development of steel industry in the Czech Republic. 
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Abstract 

This paper presents the possibilities of using the systems for inventory management in metallurgy. It 

contains the characteristics, definition, classification and functions of these systems. The article is divided 

into four main parts - introduction, methodological background, case study and conclusion. The case study 

chapter describes the designed and applied algorithm used to simulate the process and evaluation of the 

economic efficiency of the best-known ordering systems and their use for ordering and replenishment of 

electrodes in electric arc furnace. The examined systems include the fixed order-quantity method and the 

fixed order-period method, whose main advantages and disadvantages of use are summarized in the 

conclusion. 

Keywords: systems for inventory management, fixed order-quantity method, fixed order-period method 

1. INTRODUCTION 

The task of inventory management in an industrial company is to keep the inventory at such a level that 

enables high-quality performance of its functions, which include especially levelling of the geographical, time 

and quantitative discrepancies between the processes of suppliers and customers and also absorbing or 

completely eliminating random fluctuations during the follow-up processes, so as to maintain the continuity of 

the material flows in the supply chain. The basic approach is based on the optimization using mathematical 

and statistical methods, where the main criterion is the minimization of the total cost of purchasing and 

maintaining inventories, while respecting the demand of full coverage of the anticipated needs, which may 

show some degree of uncertainty. The systems of inventory management are defined by Horáková [1] as 

mechanisms trying to find optimal relationship between how the inventory meets its functions, and how high 

the costs a company spends on its acquisition and storage are. The selection of the right system of inventory 

management is a strategic decision that will fundamentally affect the operation of the whole industrial 

company. The characteristics that affect the choice of the inventory management system, according to 

Štůsek [2], include: the purpose of the inventory in a concrete plant, the character of needs / demand, the 

economic conditions of company, the quality of information sources and the system of material flows within 

the supply chain. The objective of this article is to present the potential of a practical application of inventory 

management systems in a metallurgical enterprise. Two systems (mathematical methods) that are most 

commonly applied in practice have been selected to serve this purpose: the fixed order-quantity method and 

the fixed order-period method. The methods are described, applied and compared in this article using a case 

study of inventory of carbon electrodes for electric arc furnace. 

2. METHODOLOGICAL BASIS 

There are many classifications that can be used to categorize the systems of inventory management. For the 

purpose of this article, it is most suitable to use the classification according to the parameters in the ordering 

system, which includes: stability / fluctuation of order quantity and stability / fluctuation of the time interval 

between the individual orders. According to this classification, which is defined for example in [3], the 

systems can be divided into four basic categories, as shown in Fig. 1. The first category does not consider 

mailto:radim.lenort@vsb.cz
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the stochastic nature of real processes and can be applied only when you adopt a number of simplifying 

assumptions. The main representative of this category is the EOQ model, which is based on Harrison-Wilson 

formula [4] symbolized by the equation (1). 

h
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Where: 

optQ  - economic order quantity 

P  - annual demand quantity of the product 

on  - fixed costs per order 

  - share of annual holding costs per unit in the inventory unit value 

h  - inventory unit value 

hnu    - annual holding costs per unit 

The simplifying assumptions for the utilization of this model include [5]: continuous, constant and known 

demand; constant and known lead time (the time from the moment the producer places an order to the 

moment the delivery is received); complete satisfaction of demand - thanks to the previously mentioned 

prerequisites, it is possible to determine, without any problems, the reorder point and that way, the possible 

depletion of stock will be eliminated; stable purchase prices, regardless of order quantity or lead time; stable 

transportation costs regardless of order quantity or lead time; nonexistent inventory on the way, i.e. inventory 

not available until it reaches the point of destination; inventory consisting of a single product only or there are 

no links among the products; unlimited planning horizon; unlimited availability of capital. 

 

Fig. 7 Classification of inventory management system (modified [3]) 

While EOQ model relies on continuous, constant and known volume of demand and constant and known 

lead time, the other inventory control systems already take into consideration the random character of the 

mentioned parameters. 

2.1 Fixed order-quantity system 

The fixed order-quantity system is based on ordering fixed quantity of products. As soon as the quantity is 

specified it will be ordered in each order cycle. Different development of demand for a given item usually 

causes the individual orders to be issued in different time (the order cycle is different). That is why it is 

necessary to determine certain minimum amount of inventory which will signal that the next order needs to 

be issued, when this system is used. At the moment this point is reached, it will be necessary to order the 
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fixed order quantity. The fixed order-quantity system works with the following parameters used for inventory 

control: Fixed order quantity - Q , Reorder point - B . The reorder point value will depend on lead time R  

and the expected daily demand D  [6]. 

EOQ model and Harris-Wilson formula (1) are used to determine the fixed order quantity, i.e. optQQ  . The 

formula for setting the reorder point has the following form [4]: 

PZRDB   (2) 

Where: 

R  - average length of lead time 

D  - average daily demand quantity of the product 

PZ  - safety stock 

The term RD   expresses an average amount of demand during the lead time. The following procedures can 

be used in order to determine the safety stock: intuitive - in real life, very simple ways of setting the safety 

stock amount are often used, for ex. half of order quantity; statistic; simulation. 

 

The statistic procedure will be used in the following part of this work so as to formulate the safety stock. 

Scholarly literature recommends using quite a large number of formulas to calculate the safety stock based 

on statistic procedures. The following formula can serve as an example [7], [8]: 

DRkPZ   (3) 

Where: 

DR  - standard deviation of the demand during the lead time 

k  - service factor 

Standard deviation of the demand during the lead time DR  can be defined using formula [9], [10]: 

   2
22

RDDR DR    (4) 

Where: 

R  - average length of lead time 

D  - standard deviation of the daily demand 

D  - average daily demand 

R  - standard deviation of the lead time 

2.2 Fixed order-period system 

The fixed order-period system results from the same assumptions as the fixed order-quantity system. Unlike 

the fixed order-quantity system, in case of which the time among the individual orders differs, the fixed order-

period system is based on issuing the orders at regular points, i.e. in fixed order cycles. The order quantity is 

then specified as a variation between the maximum inventory level defined in advance and the actual 

inventory level in a warehouse at the moment the order is being issued. With regards to the development of 

demand, different quantity of products will be ordered in each order cycle. That is why the fixed order-period 

system works with the following parameters of inventory management: Fixed order cycle C , Maximum 

inventory level S  [6]. 
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EOQ model and Harris-Wilson formula (1) can, again, be used to determine the fixed order cycle. The first 

step is the calculation of the economic order quantity optQ . Subsequently, the optimal order cycle is derived 

from it. If the number of orders during a year is OPTQP / , the fixed order cycle C  for 365 days of a year will 

be set this way: 

P

Q

Q

P
CC

opt

opt

opt




365365
 (5) 

The maximum inventory level is calculated in such a way to meet the demand in the period which includes 

the existing optimal order cycle and the lead time ( RCopt  ). As the demand and lead time are random 

variables, the fixed order-period system must also make provision for creation of the safety stock. If it is 

defined according to formulas (3) and (4), the following formula can be used in order to calculate the 

maximum inventory level [4]: 

       222
RDoptopt DRCkRCDS    (6) 

3. CASE STUDY 

An algorithm schematically shown in Fig. 2 was created for potential application of the described inventory 

control systems for ordering and replenishment. 

 

 

Fig. 8 Methodology for comparative analysis of inventory control systems 

  

The input data used to establish the rules for the individual inventory management systems, whose entry into 

the analysis is shown in Fig. 2 and marked by red arrows, were provided by a concrete electric arc furnace 

plant, but the data had been modified by the authors of the article due to their sensitive nature. These 

modifications were made so that there is no deterioration of the outputs or partial calculations. The input data 

include the values of the following variables. 
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Parameters of electrodes: 

 ed  - diameter of electrode (mm). 

 el  - length of electrode (mm).  

 e  - density of electrode (g·cm-3). 

 ec  - price of electrodes (€·kg-1). 

 
 
Parameters of the monitored period: 

 cT  - planning horizon (years). 

 cix  - planning interval (weeks). 

 
Economic and technical parameters of production 
and logistics: 

 P  - demand for electrodes (t·years-1). 

 iSd  - consumption of electrodes in the i-th 

week (pcs·week-1). 

 CA  - amount of electrodes in stock at the 

beginning of the monitored period (pcs). 

 iSr  - electrode ordering cycle realization in the 

i -th case (weeks). 

 kmp  - price of transport per km (€). 

 ds  - distance of supplier (km). 

   - share of annual costs of maintaining a 

unit of inventory on the price of the unit of 
inventory (%) 

The individual blocks of activities from the flow sheet (Fig. 2) have the following description: 

1. Determination of the volume and weight of one electrode - The need for calculations of the 

parameters is given by the nature of the logistic process, where in certain places / situations 

electrodes are counted in pieces or, on the contrary, in weight units. The calculations used basic 

formulas with the assumption of cylindrical shape of electrodes. 

2. Determination of yearly/weekly demand for electrodes - The calculation is based on the same 

problem as point one, when production provides information on spent tonnes, but the supplier accepts 

order in pieces. 

3.  Calculation of average values and standard deviations of consumption and supply cycles - 

These are sub-calculations of variables, which are subsequently included in the formulas used for 

calculation of the parameters that are used to set both systems. Their calculation will ideally use a 

spreadsheet because of potentially large scale of the analysed data. 

4. Calculation of safety stock - It is given by formula (4). In this study, parameter k  was chosen for the 

limit of 95 % of security due to high losses during unplanned downtime of electric arc furnace. 

5. Calculation of costs per single order and unit storage costs - The calculation can use different 

variables, which are associated with the costs and are subject to change when the ordering system of 

electrodes is changed. The variable used in this study were kmp , ds ,  . Determination of these costs 

are often difficult in practice, therefore the authors recommended the use of cost management [11] or 

ABC method [12]. 

6. Calculation of EOQ - the calculation formula is (1). 

7. Calculation B - reorder point - The calculation formula is (2) and the result is used to set-up the 

ordering system of electrodes following the logic of Fixed order-quantity system.  

8. and 9. Calculation C - fixed order cycle and S - maximum inventory level - The calculation 

formulas are (5) and (6) and the result is used to set-up the ordering system of electrodes following 

the logic of Fixed order-quantity system.  

10.  and 11. Setting the order, delivery days and simulation of the system - Once the calculations of 

the parameters have been completed, it is possible to determine the order or delivery days and to 

simulate the behaviour of the whole ordering system of electrodes for electric arc furnace. The study 

simulated a yearlong operation of the electric arc furnace. Based on this simulation, it was possible to 

determine the average inventory level Z and the number of orders per year QP / . 
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12.  Economic evaluation of the systems - Thanks to the data obtained from the simulation of the 

systems, it is possible to evaluate both systems and to determine their cost demands. The total 

monitored costs of the system were determined using the equation (7). 

Q

P
nZhN oc  1  (7) 

The courses of inventory replenishment and consumption for both ordering systems are shown in Figs.  3 

and 4, and they are presented by time graphs. 

 

 

 

Economic evaluation of the systems and their comparison is illustrated in Table 1. 

Table 2 Comparison of the inventory control methods 

Variable Fixed order-quantity system Fixed order-period system 

Average inventory level (pcs) 176 222 

 Annual inventory holding costs 

(€) 

19 882 25 053 

Annual ordering costs (€) 16 800 16 800 

Total monitored costs (€) 36 682 41 853 

When you look at the table of economic evaluation, it suggests that, for a given operation, the Fixed order-

quantity system appears to be more cost effective, because it will save € 5,171 a year compared to the Fixed 

order-period system. However, the practical application of this model requires continuous inventory control, 

which is usually connected with higher labour input and additional costs (for example for implementation of 

automatic identification system or specialized software) [6]. That is why before the decision about real 

changes in the ordering system of electrodes is taken, the authors recommend performing a feasibility study 

that will include a broader look at the economy of the individual options under consideration. For similar 

reasons, it is necessary to analyse the related logistics activities [13]. For analysis can be use classical 

mathematical and statistical methods or simulation techniques [14]. 

CONCLUSION 

The study has shown that these systems can be practically applied in the area of metallurgy, but only for 

inventories with relatively stable consumption. The stability analysis can use for example XYZ analysis. 

Suitable inventories include especially those from category X, while the inventories in categories Y and Z 

lead to disproportionately high safety stock, which makes the whole system cost-ineffective. At the same 

Fig. 3 Graphic descriptions of inventory 

replenishment and consumption - fixed order-

quantity system 

Fig. 4 Graphic description of inventory 

replenishment and consumption - fixed order-

period system 



15. - 17. 5. 2013, Brno, Czech Republic, EU 

 

 

2056 

time, the authors don’t recommended using these systems for strategic raw materials that form the basis of 

the finished products, since the systems take into account some simplifications that eliminate the effects of 

seasonality or price. 
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Abstract  

Nowadays in metalworking production, an increasing number of enterprises are manufacturing their products 

based on production orders. These companies have to adapt their products precisely to customer needs, 

therefore parameters of manufactured products are adjusted to the individual requirements of customers. In 

these systems short series of products are very often produced, especially in small and medium batch 

production, applying similar production processes, but different finishes, materials, dimensions of products 

and additional functionality. These enterprises have to quickly assess the possibility of production order 

realization in the producer’s system, which is characterized by many constraints; quick and precise 

calculation of costs and time of order realization and efficient preparation of production. In this paper a model 

of the decision-making process for production order realization is presented. The proposed solution is 

dedicated to the customer service departments of small and medium enterprises from the metalworking 

production sector, which produce products on the basis of production orders. The proposed solution is based 

on verification of sufficient conditions to guarantee implementation of the production order in accordance with 

the requirements of the customer. Specifically, the model has been used to develop a computer-aided 

decision tool "System of Order Verification", which allows the solutions presented in the article to be 

implemented in practice.  

Keywords: metalworking production, decision-making process, production order 

1. INTRODUCTION 

Strong competition in the market means that enterprises are trying to better adapt to customer needs and 

requirements [1], [2]. Strong pressure on costs reduction can be observed [3], [4]. Therefore, the sector of 

small and medium enterprises which manufacture their products based on production orders (make-to-order 

manufacturing, MTO) has increased. To achieve customer satisfaction, parameters of manufactured 

products are adjusted individually to the customer requirements. In these systems short series of products 

are produced, especially in small and medium batch production, applying similar production processes, but 

different finishes, materials, dimensions of products and additional functionality. Companies belonging to the 

SME sector are more flexible. These kind of enterprises have to quickly assess the possibility of production 

order realization in the producer’s system, which is characterized by many constraints; quick and precise 

calculation of costs and time of order realization and efficient preparation of production. Planning and 

verification of production orders plays a key role in these organizations. 

All necessary information, especially concerning production capacities, realization costs and realization time 

must be obtained before production order execution. Data should be very detailed and current. When a 

contract is concluded, it is very difficult and very often impossible to change anything. The decision-making 

process for production order realization must be prepared both very quickly and carefully. Therefore, an 

efficient procedure for production order verification is needed. 

In this paper, a model of the decision-making process for production order realization is presented. The 

proposed solution is dedicated to the customer service departments of small and medium enterprises from 

the metalworking production sector, which produce products on the basis of production orders (MTO). A 

mailto:a.saniuk@iizp.uz.zgora.pl
mailto:k.witkowski@wez.uz.zgora.pl
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method based on verifying the sufficient conditions to guarantee implementation of the production order in 

accordance with the requirements of the customer is presented. Specifically, the model has been used to 

develop a computer-aided decision tool "System of Order Verification", which allows the solutions presented 

in the article to be implemented in practice.  

2.  MODEL OF DECISION-MAKING PROCESS 

In industrial enterprises, increasing complexity of problems to be solved can be observed, which leads to the 

decreasing effectiveness of decision making. In this situation, policy makers are forced to use tools to 

support them in the decision-making process [5], [6]. These systems are designed to improve the efficiency 

of decision-making, with the support of the informative and conversion processes during the decision making 

process. 

The decision-making process connected with MTO systems is very time-consuming and requires many 

arrangements between the customer service department and the technological, financial, supply and 

preparation of production departments. The quality and accuracy of the information obtained depends on the 

amount of errors in estimating time of execution and the inaccurate estimation of costs. This can lead to 

lower predicted costs of execution, which results in the generation of business losses or inflated (overstated) 

costs, which can affect the selection of competitors by the customer. 

The speed of decision making and negotiation with the client is also of great importance. Therefore, in order 

to meet the current needs of the client, the manufacturer must apply computer-aided tools, which can quickly 

assess the production capacity of the system and estimate the cost and time of realization of the order [7], 

[8]. 

Make-to-order manufacturing is characterized by the need for contact with clients. Customers expect a 

response about the possibility of order execution in the production system, price, realization time and 

payment terms at the time of the first contact with the contractor - in the customer service department. 

Therefore, there is a need to develop customer focused methods that are able to, on the basis of analysis of 

specific constraints of the manufacturer, very quickly provide the necessary information for the process of 

negotiations with the customer and apply accurate decision-making procedures for acceptance or rejection 

of a production order (see [9]).  

The proposed model is based on the following assumptions: 

a) In the production system similar products are manufactured using similar production processes. 

b) the production system consists of: workstations, supported by employees; warehouses, inland transport 

system and production processes, 

c) the workstations are connected to a network of automatic conveyors that allow transport of material and 

items of products between the workstations, 

d) at each workstation there is a buffer of a given capacity, 

e) an order is accepted to realization provided that this does not interfere with the currently realized 

production,  

f) the production order submitted to the system is specified by processes which are realized along 

technological routes,  

g) batch size in the series and the starting date are determined by the producer on the basis of the current 

state of the system, (resources, logistical and financial constraints).  

In the proposed model of decision-making process the production flow is planned based on the propagation 

of constraints. Sufficient conditions are checked (minimum), which allow the verification of production orders 
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and, simultaneously, the synthesis of the production system. Sufficient conditions apply to variants of the 

production batch size selection due to the existing resources downtime, the sequence of operations, 

availability of inland transport and buffer capacity (see [10], [7]). It is assumed that the developed model 

must meet the following conditions: 

 enable quick downloading, processing and analysing of information, which becomes possible by using 

a specially developed computer-aided decision support system; 

 provide for the possibility of independent data entry by authorized employees of different departments, 

 defining sufficient conditions (minimum) which have to be met, for the realization of an order in the 

manufacturer system to be possible and profitable for the company.  

3.  SYSTEM OF ORDER VERIFICATION 

In the proposed model of the decision-making process it is suggested that implementation of the procedure 

for checking the possibility of production order realization should consist of nine stages (Fig. 1). The effect of 

completing the procedure is the adoption of the production order for realization and to define the necessary 

information needed to establish the terms of the contract, or rejection of the production order and indicate the 

constraints which cause the inability to accept the submitted order. 

The procedure begins at the time a customer notifies the customer service department of his intention to 

submit an order. The first step is to obtain information about the submitted production order and customer 

requirements concerning its implementation. A significant part of this phase is to determine which of the 

requirements of the client are necessary; not meeting them is likely to be associated with the customer 

withdrawing his production order from the enterprise (for example, the maximum price, the final date of the 

execution, etc.). Order details are then entered into the computer system.  

In the second stage, on the basis of the data contained in the system database, updated by technological 

personnel on an ongoing basis, order execution capabilities are checked according to the available capacity 

of the manufacturer [11]. Next, the sequence of operations is verified (the third stage). The fourth stage 

involves checking the availability of inland transport to the schedule of units of time. The fifth stage runs in a 

similar way, in which the availability of buffers is verified. After this stage, the production schedule of the 

submitted production order is known; basic parameters are known such as: the size of the production batch, 

times of the start and end of the transport operations, implementation of the production batch, etc. The 

adopted schedule also allows the expected date of execution to be specified (the sixth stage). 

In the seventh stage the cost of the order execution is estimated. Implementation of Activity Based Costing is 

proposed as the method to determine the cost of each operation in the production process (see [12], [13]). 

On the basis of the technological specifications of products, direct and indirect costs of order realization are 

calculated. 

In the eighth stage, based on the strategy and financial policy of the industrial enterprise, the minimum price 

of the order realization in the system is calculated. The decision-making process for the implementation of 

the production order to the manufacturer system completes the stage in which the negotiations are 

conducted with the client and the contract is signed [14].  

http://www.microsofttranslator.com/bv.aspx?from=pl&to=en&a=http%3A%2F%2F131.253.14.66%2Fbvsandbox.aspx%3F%26dl%3Dpl%26from%3Dpl%26to%3Den%23_ftn2
http://www.microsofttranslator.com/bv.aspx?from=pl&to=en&a=http%3A%2F%2F131.253.14.66%2Fbvsandbox.aspx%3F%26dl%3Dpl%26from%3Dpl%26to%3Den%23_ftn2
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Fig. 1 Model of decision making process about production order acceptance 

It is necessary that information is systematically entered into a common database and regularly updated for 

quick verification of the submitted production orders to be possible. Therefore, after the introduction of the 

declared data of the new order, the customer service worker quickly receives in "on-line" mode an answer 

about the possibility of order realization. The implementation in practice of the suggested model and 

procedure has allowed a computer system to be designed by the authors which can support the decision-

making process for acceptance of the new submitted production order to execution called “System of 

Production Order Verification”. This system, on the basis of the information contained in the database, 

verifies the sufficient conditions and creates a production schedule (Fig. 2).  
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Fig. 2 Screen from the „System of Production Order Verification“ 

4. CONCLUSIONS 

The proposed model of the decision-making process for the acceptance or rejection of a submitted 

production order is dedicated to small and medium enterprises in metalworking production. This solution can 

also be used as a tool for initial verification of production orders in large enterprises (e.g. using ERP 

systems). It allows a quick answer to be obtained for the question: whether the production order can be 

executed on the manufacturer system with known resource, logistical and financial resources? The 

implemented procedure provides the necessary information needed to negotiate with the client and establish 

the order execution date, price, production schedule, etc. 

The decision-making process involves several departments: Customer Service Department, Technology 

Department, Financial Department and Supply Department. The Customer Service Department retrieves 

information from the customer, oversees the entire process and controls the quality of the information 

entered into the system. The Technology Department introduces data on an ongoing basis with the 

subsequent implementation descriptions, updates the information on the buffer capacity, inland transport 

possibilities and any changes in this regard. The Supply Division introduces and updates the costs of direct 

materials. The Finance Department quarterly identifies the unit cost of each process on the basis of Activity 

Based Costing, specifies the guidelines for determining the prices of individual products and oversees cost 

estimates of individual production orders. The suggested solution allows all departments work to be 

coordinated which leads to shorten time and increase precision of prepared information to the negotiation 

with client.  
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Abstract 

In the paper is described the method for determining an actual state of the crystallizer when continuous steel 

casting based on data mining methods. The signification of proposed method lies on making graphical 

display of the crystallizer’s state in any time and without usage instruments of technical diagnostics.  

Keywords: crystallizer, lifetime, software, probability 

1. INTRODUCTION 

The service life of technical objects and so also industrial objects can be determined by three ways. In 

standard progress is start from the material features in initial state and all operation history is take into 

account. Whole lifetime is determined by calculation and residual lifetime will appear by subtraction the 

operational time from the whole lifetime. 

The goal of the paper is to describe the method and software application for determining an actual state of 

the crystallizer when continuous steel casting based on data mining methods. The signification of proposed 

method lies on making graphical display of the crystallizer’s state in any time and without usage instruments 

of technical diagnostics.  

2. APPROACH TO SERVICE LIFE OF TECHNICAL OBJECTS 

In the cases, when the operational history is unknown (for example operational temperature, number of 

operation hours, pressure, number of leakage tests, number of pressure tests and other), is necessary to 

determine residual lifetime by other way.in this case we are coming out from actual value of diagnostic 

quantities, which are determined by the diagnostics tests. It is bound to diagnostic measurement way, which 

can lie only in measurement diagnostic’s quantity or will be performed by sample extraction and with 

relatively long-time experimental program of diagnostic test of the material. [1], [7]  

Recently when determining residual lifetime get used the same principle like in dimensioning process. It is 

obvious, that the residual service life is overvalued. 

The third approach, which is in present time spreading, is the approach, when evaluation of service life is 

based on connection on probabilistic approach and with usage of failure physics and study of mechanisms of 

failures. This approach means a complex solution, enabling include into the solution classic probabilistic 

approach, results of diagnostic measurement and also the essence of the lowering service life process - 

degraded mechanism. 

In the phase of device usage until its outage of service, every device and its elements coming through 

various states. The important are these states, if the maximum level is reached, change material character - 

limiting state. The limiting states could be very different, from the point of its character, and also for next 

usage of the system. The limiting states are these ones, which can cause failure and outage.  
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In case of non-renewable objects, the object reaches the limiting state when the failure occurs, or in reaching 

previously defined usage time, or whole operation time (for example with regard to fatigue of material). 

Admissible time of usage and operational time is necessary to according to branch for safety in context with 

decreasing of basic parameters under the certain level. In renewable objects rise a limiting state in case of: 

 Is not possible to maintain the safety, reliability or operational efficiency at minimum level, which is 

previously defined, 

 As a result of aging or change of geometrical shapes the object reach that stat, that the eventually 

repair cost disproportionate costs. 

Definitely the limiting state means necessity to interrupt other object usage for irremovable violation of safety 

demands, irremovable exceeding of defined boundaries of given parameters, irremovable lowering 

operational efficiency under acceptable level and necessity to make object’s reparations. This moment is in 

term of solution defined by reliability model and quantified by quantity of probability of reach of limiting state. 

[5], [6] 

3. CRYSTALLIZER'S SERVICE LIFE 

The main elements which is a base material concerning crystallizers is copper (electrolytic clean with 

addition of phosphorus) and this is for its low acquisition costs and good heat dissipation. Recently was 

found, that more suitable is to use copper alloys with another metals, as chromium or zirconium Cu-Cr (0.5 to 

0.5 %) or Cu-Cr-Zr (0.7 % Cr, 0.6 % Zr). By this can be lowered heat dissipation. 

Crystallizer’s service life is generally expressed by length of casted steel in given crystallizer, casted steel 

weight or number of casted melts. Big difference is given by different volume of pans and blank profile. In the 

length is about 10 to 15 thousand meters of casted blanks under normal operation. In presented solution is 

used the diagnostic signal of casted steel weight.  

From the operational practice we can define following influences which have impact to crystallizer’s service 

life and affection in process of casting [4]:  

 Features and quality of crystallizer’s material - these features are explicitly given by manufacturers of 

crystallizer’s enclosure and so it can’t be affect through the casting.  

 The shape and size of the blanks - these parameters has meaning for calculation of casted steel 

weight, parameters are given by crystallizer’s type, and it can’t be affect through the casting. 

 Way of cooling - can be affected, but the way of cooling is given by technological parameters and is 

further controlled with regard to technological efficiency of the casting process, no from the point of 

view of crystallizer’s wear. 

 Casting speed - can be affected during the casting, but must be met the same condition as previously. 

 Operational influences (inaccurate centring of immersion spouts regarding to metallurgical axis, 

casting with turbulent flow, casting with low temperature or with to high share of aluminium in steel) - 

some of the mentioned influences can be affected, but from the general point of view these are also 

preferred by technological aspects, no by maintenance aspects.  

From the mentioned text is obvious, that maximization of crystallizer’s service life is given by mutual 

combination of constructional - technical, operational and organization parameters, which are always in 

concrete object. 
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3.1.  Reliability model 

In the term of solution is developed a reliability model, which is expected in the shape 


 t

etF


1)(
      (1) 

Where F(t) is probability of reaching the limiting state when presumption, that random quantity t expressing 

time to limiting state will has a Weibull probability distribution,  is shape parameter, and  is scale 

parameter. 

Parameterization of that model then means numeration of shape parameter  and value of scale 

parameter . 

Expression of the shape parameter is based on processing input data about degraded mechanisms, which 

cause reaching of limiting state of the object: 

 If is defined one dominant degraded mechanism, which cause limiting state on the object, then the 

shape parameter is the value, which is attached to given degraded mechanism. 

 If there are two mechanisms, respectively three of them, which has the share on limiting state 

occurring, then the shape parameter will be defined according formula: 





i

ii mw        (2) 

Where  is resulting shape parameter, mi is shape parameter for given degraded mechanism, which 

has share on limiting state occurring, wi is weight determining the mean of given degraded 

mechanism on limiting state reaching. This value is from interval (0;1) and is given like expert 

estimation for given object.  

Solution of determination of resulting shape parameter in this situation comes from analogy of 

artificial neuron (Fig. 1), when each input has assigned the weight, which carried information either 

amplify or reduce. It means that resulting information can be obtained from the expression (2). [4] 

 

Fig. 1 Determination of shape parameter of Weibull probability distribution by neuron analogy 

 The third situation describe the state, when are defined more than three degraded mechanisms, from 

which one of them is dominant. After that, the shape parameter will obtain value 1.1 and Weibull 

probability distribution proceeds to exponential distribution.  

 

Scale parameter is then calculated according following formula 

)1ln(
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Where  is resulting shape parameter, F is a value of probability of reaching limiting state in the time of last 

known technical object state (S2), tis instant of time of last known technical object’s state (Fig. 2), expressed 

in form of number of operation hours from the beginning of object running (t3-t1) or from the last repair, when 

the value of probability was lowered (t2-t1). 

 

Fig. 2 Graphical interpretation of each time and state values  

Figure explanation:  

S0 - initial technical state 

S1 - technical state after reparation (general) 

S2 - last known technical state 

Sa - actual technical state (unknown) 

Sp - predicate technical state (unknown) 

t1 - operational time from the last unknown state 

t2 - operational time since repair 

t3 - operational time since beginning 

t1p - operational time since last known state to predicate state 

t2p - operational time since repair to predicate state 

t3p - operational time since beginning to predicate state 

Consequently is able to numbering reaching probability of limiting state on the reliable model bases in each 

defined time moments, respectively to predicate according to defined operational hours value. 

4. BASIC SYSTEM MODULES DEVELOPMENT  

Above described crystallizer reliability model was integrated in to the software system ARPO-AMO, its main 

screen is presented on Fig. 3 and its basic modules are: 

 Evidence and monitoring 

 State and prediction evaluation 

 Localization 

 Blanks 
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Fig. 3 Screen of the interconnection software and its modules 

System will be connected to TQ model (production and quality data from the process and maintenance 

system. The thoughts exist about usage this system especially for maintenance staff from the point of 

verification, ordering and cycling of crystallizer’s desks. [3] 

Evaluation state model and prediction perform basic function of evaluation desk’s state from the point of 

reaching limiting state and prediction to period defined by user. This module using data mining methods 

connecting analytic approach to solution of given problem, when the probability distribution function of 

limiting state is created when assuming Weibull probability distribution and choosing degraded mechanisms 

which has influence on crystallizer’s desks, time data regarding to operation and crystallizer’s desks 

maintenance and data from analytics and technical diagnostics of single crystallizer’s desks. On Fig. 4 is 

presented the screen of this module. [2]  

  

Fig. 4  Screen of interconnecting software of each modules 

5. CONCLUSION 

Technical systems service life solution represents difficult multi parameters task with items of 

indeterminateness and its character limit usage of classic mathematical analytics - statistics tools. In terms of 

this article is presented developed and created methods of determining actual device state and its parts and 
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prediction of the state based on analytics - probability approach to description of weariness of single solved 

parts, which can lead to limiting state which is further improve by usage of measured diagnostics data with 

evaluation with usage of tools of artificial intelligence. This approach is in harmony with present modern 

trends in the field of technical reliability systems.  
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